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 ANALYSIS OF TOXIC AND NON-TOXIC ALEXANDRIUM
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v, ABSTRACT
Sequences of small subunit ( Ss) and large subunit (Ls) ribosomal

RNA genes (rDNA) from the marine dinoflagellates Alexandrium
.. lamarense, A. catenella, A. fupdyense, A. affine, A. minutum, A.
. lusitanicum and A, andersoni were compared to assess the organisms’

- relationships. Cultures represent isolates from North America, Western
- ‘Europe, Thailand, Japan, Australia and the ballast water of several cargo
. vessels, and include both toxic and non-toxic strains. An emphasis was

' placed on the A. tamarense/catenella/fundyense "species complex,” a group

o - of morphotypxcally-sxmxlar orgamsms found in many reglons of the world.

“Two dxstmct SstRNA genes, termed the "A gene” and the "B gene,"

X ‘were found in a toxic A. fundvense isolated from eastern North America.
~ The B gene is considered to be a pseudogene. A restriction fragment
. . length polymorphism (RFLP) assay developed to detect the A and B genes
' revealed five distinct groups of Alexandrium isolates. Three subdivide the

- A tamarense/catenella/fundyense complex, but do not correlate with

morphospecies designations. The two remaining groups are associated with
cultures that clearly differ morphologically from the A. tamarense/ '
ga:gn;ﬂ_a/iu_g_dmgg group: the fourth group consists of A. affine isolates,
and the fifth group is represented by A. minutum, A. lusitanicum and A.
andersoni. The B gene was only found in A. mmgm;/ggzg_g;ﬂa/
fundyanse, but not in all members of this species complex. The B gene is

- not uniformly distributed among global populations of Alexandrum. All
A. tamarense/catenella/fundyense isolates from North America harbor this
gene, but it has also been found in some A. tamarense from scattered =
locations in Japan, as well as in A. tamarense from the ballast water of one
cargo vessel which was on a defined run from Japan to Australia. The B
gene may be endemic to North American populations of A. tamarense/
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o gg;;ng_l_g/ﬁmdlcmg It is péssible that in the recent past North American
“A. tamarense were introduced to Japancse waters, and cysts of these
~organisms have been tmnsported from Japan to Austraha

A subset of molates examined using the the RFLP assay were also
compared by cloning and sequencing a fragment of their LsrDNA. Eight

- major classes of LstDNA sequences, termed “ribotypes,” were identified.
Five ribotypes subdivide members of the A. tamarense/catenella/fundvense
- complex; all isolates containing the B gene cluster as one ribotype. The
. three remaining ribotypes are typified by: 1) A. affine; 2) A. miputum and
© A Insitanicum; and, 3) A. andersoni. LsrDNAs from A. minutum and A.
- lusitanicum are indistinguishable. A. minutum/lusitanicum/andersoni may
- represent another Alexandrium species complex, analogous to the A.

" tamarense/catenella/fundvense group. An organisms’ ability to produce

toxin appears to be correlated with its LstDNA phylogenetic lineage.

- Ribotypes ascribed by the LsrtDNA sequences are in complete agreement
* with, and cfier a finer-scale resolution of, groups defined by SstDNA
- restriction pa‘tems The SstDNA RFLP groups and LerNA nbotypes are

useful specxeSo and populauon specxﬁc markexs

Alcmdnum mmmnidsamglla/fmﬁm: exist as geneucany-
distinct “strains” (populations), not three genetically-distinct species:

representatives collected from the same geographic region appear the most
similar, regardless of morphotype, whereas those from geographically-

‘separated populations are more divergent even when the same

morphospecies are compared. Contrury to this general pattern, A.
tamarense/catenella from Japan were found to be exceptionally
heterogencous. Ballast water samples show that viable cysts (resting
spores) of toxigenic A. tamarense/catenella are being discharged into
Australian ports from multiple, genetically-distinct source populaticns.

. The rDNA sequences were also used to test theories accounting for
the evolution and global dispersal of A. tamarense/catenella/fundyense.
Results suggest a monophyletic radiation of these organisms from a
common ancestor that included, or gave rise to, multiple morphotypes.
Populations apgear to have diverged as a result of vicariance (geographic
isolation). The co-occurrence of genetically-distinct strains of these
organisms is an indication of dispersal. An example of this is seen in Japan
where an introduction of North American A. tamarense appears likely.
Determining the timing of dispersal events is problematic if based strictly
on rDNA sequence similarities, since these molecules undergo change on a
scale of millions of years. Thesis Supervisor: Donald M. Anderson
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Throughout the world's oceans, thousands of spec:cs of '

| -’phytoplankton form the base of the marine food cham Among thcsc

are 2 few dozen which are harmful to mankind. The negative

impacts of their "blooms" (sometimes called "red ndes) are

extraordinarily diverse, ranging from public health threats due to

toxic fish or shellfish, to destruction of marine life and sigmficant ’

. economic loss. In recent times, the list of known, hmnful

phytoplankton species has grown, new phytop!ankton toxms bave ;
been discovered, and the frequency of harmful blooms and thcxr
geographic range appears to be expanding (Anderson 1989, Smayda
1990). Part of the difficulty in understanding the relationships
between toxic and non-toxic phytoplankton species, their
mechanisms of toxigenesis, and their bloom dyntmics,}‘population

structure and apparent dispersal lies in the Iack of methods that

“allow for unambiguous identification of the species in quesnon

Studies of marine dinoflagellates of the genus Alexandrium
(formerly Protogonyaulax: Steidinger and Moestrup 1990) epitomize
this problem. Some, but not all, representatives of this diverse group
produce toxins responsible for paralytic shellfish poisoning, a
neurotoxic disorder that has caused human illness for centuries and
claimed hundreds of lives ( Quayle 1969, iNakash et al. 1971). Like
other harmful phytoplankton, toxigenic Am,uirmm appear to be
dispersing to regions of the world previously free of ti:ir presence
(Anderson 1989, Hallegraeff and Bolch 1991, 1992). In some U:ses,
populations of the same or similar species occur in different regions

of the world, yet little is known of their genetic affinities. These and
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f"othcr problems have brought A}mﬂmm spccxe; undt:r intense

. international scnnmy, wzth taxonomy. bxogeogrephy, and e!ncxdauon

of factors essennai for blocm formauon and toxigenesis among the
‘top rescarch pnonues AH of these themes share an abso!ute
teqmremen: for uncqmvoca! defimnon of the o, amsms inter- and
' intra-specific relanonshxps, and in each case w h ben:fit from

rapxd and sxmple assays to detcct A_Lq,undxmm spccxes?’or strains of

o spccxes, in culture or fieid samplcs Thxs thesis has grown from this

collective need: it represents a step towards the application of
molecular bxologxcal mcthods ag a means of identifying toxic and
non-toxic Alsmn_dmm specxes. and dehncatmg gioba!ly-d*smbuted

populanons

| At presem. Mn_dm{m taxonomy rchcs on detailed B o
dcscnpnons of the tnorphology of vegctanve cells and their zygouc
resting cystx (Taylcr 1984 1985 Ba!ech 1985 Balech and Tangen
1985).‘ Commual re- evaluatxon of thesc characters has altered the
gioup's generic and speczes ,gnncep:s, !eavmg a legacy of confusing
taxonomic designétibﬁs (Tayfor t§84 1935 Balech 1985, Steidingef
1990). A consensus to use the Alexandrium genus designation was
only reached in !989 (Stexdmgc:r and Moestrup 1990), howcvcr
specxes and “strain® (i.e., mb-speczes) cntcna commue to be a

subject of debate (Taytor 1985, 1550, Hallegraeff et al 1991). An
example of this centers on the "A. tamarense, A. catenella and A.




- W speéics complex.”!  All three specxcs are typxcally toxxc.

although their inherent toxicity can vary signifi candy (Maranda et al.
1985, Cembella et al. 1987). In fact, some isolates of A. tamarense
‘prodncc no toxin (Destombe et al. 1992), Taxonoxxiicf' authorities
N ‘agrec that A. tamarense, A. catenelia and A. mn_dy_:_nn_ are closely-
~related.  Their distinction as "species™ is based on ﬁne~scaie features _
.~ amidst a background of similar morphology (Balcch 1985 Balech and
Tangen 1985, Fukuyo 1985). Some authorities behey_e that these_ ’
morphological differences warrant the use of uniqué:specics o
assignments, while others argue that the morphological variants
represent strains, or "varieties,” of a single species (Balech 1985,
Fukuyo 1985, Taylo: 1985, Cembella and Taylor 1986, Cembella et al.
1987, 1988, Hayhome et al. 1989). The disagreemént"‘évct" ﬁne-ségle
taxonomic indicators inspifcd a search for & morpﬁblpgi’cally~
independent means of determining these speéies‘ ienéti# affinities.
: lsozyme elcctrophores:s. toxin composition ana!yses and cell |
reactivity towards monoclonal antibodies (Cembella et al. 1987,1
1988, Hayhome et al. 1989, Sako 1992, Sako et al. 1990, 1992) have
all been applicd to assess the different morphospecies’ relatedness.
- However, the conclusicns of these investigations are not consistent: in
some cases, groups defined by morphotype are the samé as those
defined by biochemical means (Sako et al. 1990, Sako 1992), but in
other cases they are not (Cembella and Taylor 1986; Cembclla et al.
1987, 1988; Hayhome et al 1989). Thus, results of sub-cellular

1 In the past, these species have been referred 10 as the "amarsasis group,” or
- "ramarensis/catenella complex;” throu ghout this text they are referred t0 as the
"mmarense/catenella/fundyense complex,” since all three are closely-relaed.
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charactenzanons used in an attempt to sctt!c the morpl:otaxonomxc

debate are in confhct, and the reianonshlp betwecn morphotype

: (the ensemble of genes respons:ble for morphology) and genotype

o remams obscure

| .‘sub-cellular charactcrs such as a!lozymes, toxin composmons, etc.)

Conclus:ons rcgaxﬂmg the vahduy of morphospec:es

2 dcsxgnauons, and the overall genetxc sxmﬂmty of A.tamarense/
e ;m.nsﬂa/innix‘n& seem S depend on the geographic origin of
B "”,‘vnsolates (Sako et al. 1990 Ccmbella et al 1988, Hayhome et al 1689).

v'Tlxe confus:on over morphotypc and its relanon to cells' subccllular

) chamctcnsncs may arise because geogr«phxcally separated

B popula xons of the same morphospecxes are genetxcally-dwcrgent

3 - That is, that gIobany—dnsmbmed populatxons may share a higher

- degree of morphologxcal similarity than bmchcmncal similarity. ~ An
| understandmg of and resolutxon to, the taxonomic controversy |

'thetefore -appears to requxre de :mtwn of geneuc re!atxonshxps
among g]obally-dxsmbu}r'd reprcsentauves of A.tamarense/

gm;_u_a/f_u_ngms_g In tum, quesuons concemmg these organisms'
dnspzzrsal should be approachab}e

Sequence analysis of vsmaﬁ ‘subunit (Ss) and férge subunit (Ls)
ribosomal RNA genes (rDNA) was undertaken in an effort to address
" these problems. Rxbosomal RNA and DNA sequences have been used
extensively as phylogenetic and taxonomic indicators (Olsen et al.
1986, Field et al. 1988, Sogin et al. 1986, Lenaers et al. 1988, 1989).
These genes are composcd‘of‘ “domains”™ which are both highly

conserved and kighly variable among all organisms (Gobel et al,,




3

N

“ 1987; Sogin and Gunderson 1987, Raue' et al. '1988, mtchdi.ct al
4_ 1984, Mitchot and Bachellerie 1987). The conserved and variable

| clements are valuable for both broad- and fine-scale taxonomic and
phylogenetic comparisons, respectively. Some of the fastest evolving
rDNA domains ("hypervariable regions”) have been employed as
species- and ev}le“n strain-specific markers (e.g., Gobel et al. 1987,
© McCutchan 1988, Qu et al. 1988, Stahl et al.1988, Guadet et al. 1989,
: ‘Gueho et al. 1989; Distel et al.,1991; Lenaers et al, 1991; Peterson
and Kurtzman, 1991, Rowan and Powers 1991). 'The demonstrated
utility of rDNA sequence analysis made this an attractive option for
attempting to delineate toxic and non-toxic Am_m_d_mm species and
populations. A further incentive was the potential of developing
rRNA/DNA-targeted probes as a rapid means of detecting these
organisms, either in an extracted nucleic acid formats or whole cell
hybridizations (e.g., Giovannoni et al. 1988, McCutchan et al. 1988,
Stahl et al. 1988, Delong et al., 1989, DeLong and Shah.y 1'990, Amann
et al. 1990 a and b, Distcl et al, 1991, Zarda ct al 1991).

Several different strategies were used to elucidate
Alexandrium rDNA sequences, each of which has its own advantages,
limitations and technical difficultics. Chapter 1 documents the first
attempt at determining thé complete SsrDNA sequence for a toxic,
eastern North American A. fupdyense. Surprisingly, this isolate was
found to harbor two distinct classes of SsTRNA genes, one of which
does not produce stable transcripts and is consideted to be a
pseudogene. Chapter 2 describes a restriction fragment length
polymorphism (RFLP) assay that was developed to screen Alexandrium

6




xsolates for the two c!asses of SsrRNA Renes, and repons on the utﬂxty of o

o Jrese markers as taxonomzc and blogeographrc mdxcators.‘ In Chapter 3
" quesnons of taxonomy and bmgeography were addressed m greater
R ,;_detail by sequencmg a frag,mem of LerNA from a dwerse collecnon '
| "" _‘:of Alg;_a_q_d_nym 1solates and by usmg the sequences to constmct a
S phylogenet:c tree. The LerNA sequences offer promxsmg targets for

‘*5—sgenus-, specxes- and stram-specrfic ohgonucieonde probes, thus, ‘

rapid- and hxghly spectfxc assays for a vanety of these orgamsms at
. T'yvanous ievels of taxonomlc orgamzatxon may now be m reach I ‘an
effort to place the f' ndmgs of Chapts 1- 3 m a sontext useful for |
o "'addressmg drspexsal hypotheses, a theorenca! evolutmnary B
| ['perspeenve for the A_ mgm/mw&w ccmplex is
- p:esented in Chapter 4 Fmally, a summary of dns work rs ngen in

‘Chapter 5 and consrderanons for fumre research are presemed m ,

S Chapter 6

G The quesnons that prompted\thxs mvesnganon}encqmpass
| ‘Am_an_dn_u_m taxonomy, pop\.latxon bxology, dnspersal and a need for
methods that allow rapxd and speclfic detecnon of ceﬂs in ccmplex
- field samples These same prob!ems are common to a host of
- harmful algal specres The expenmental approaches employed in
~this study should be apphcabie to many, if not all of these |

organisms.
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ABSTRACT

Two distinct small-subunit TRNA genes, termed the "A gene”
and "B gene,” were detected in a clonal isolate of the toxic
dinoflagellate, Alexandrium fundvense (Halim) Balech. The two
sequences, which occur in roughly a 1:1 ratio in PCR-amplified
material, differ at approximately 40 positions scattered _througﬁout
the length of the molecule. Transcripts of the B sequence‘ were not
detected in total RNA extracts from nutrient-replete and ammonium-
starved (sexually-induced) cultures or nutrieni-replete log-phase
cultures harvested at 2 h intervals over a complete circadian cycle.
Many of the position changes in the B gene deviate from universally-
and eukaryotic-conserved small-subunit fRNA sequences. In
contrast, the A gene is expressed under all culture conditions tested

and does not violate any conserved sequence positions. Thus, the B

sequence is not represented by stable transcripts, and is probably a
pseudogene. The B genc may serve as a useful marker for fine-scale

population and taxonomic analyses cf some Algxandrium species.

Key Index Words: Alexandrivm fundyense, red tide, PCR,
pseudogene, Pyrrophyta, smail-subunit rRNA,
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maﬂ‘subumt nbosomai RNA (SsrRNA) sequences arc wxdely 7
l".’f”wcepted for evaluatmg the evo!unenary histories of orgamsms
o K (Olsen et al !986 Sogin et al. 198% b, Field et al. 1988). Thesc
t}ffmo!ecn!cs have also been nsed as sp-,czcs- and even stram—specmc
matkets and consequcm!y appear to have potennal in addressmg

both popuiauon eco}ogy and f'me-scale taxonomic questions (e.g. w

._‘,};"fcobex et al. 1987, McCuichan et al. 1988, Stahl et al. 1988, Amann et

al 1990 sttcll et a} 1991). ‘While assessing the utility of nuclear

, {_; . SsrRNA gcue sequcnces (SerNAs} to delmeate popuiat:ons of v

A‘ "’*‘Yi_‘fﬁ’“closely.relatcd !oxzc dxnoﬁagellatzs, we dnscovcred sxgmﬁcam '

: vsethncc vanatwq bctween SerNAs fmm a clonal A]_g_ummm

bmdxgm_g (Hahm) Ba!ech cu!mre Thns vananon may provxde a |

'_f.}usefuf 100l for descnmmaimg between closcly~re!ated specxes or

i j_sﬁ'ains of Akmndmm

S 1_ Toxic dmcﬁagcnates of the geuus A},g;_zgmmgm are msponsxb!e |
o for paralync shelifish poisoning (PSP; "red tides”) along the
nonheastem coasts of the Umted Stazes and Canada, as well as other
temperste coastal waters throughout the world. These crganisms
~ pose an important prablcm in population biology and 1axonomy, as
 well as 2 serious economic and public health concern (Anderson
‘1989). An alarming trend in recent years has been the apparent
natural and human-assisted dispersal of toxic Alexandrium to
~ regions of the world previously free of their presence (Anderson
1989, Hallegraeff and Bolch 1991, 1992). However, techniques to
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unambiguously distinguish between populations of these organisms
are presently insuffcient to test specific dispersal theories.

i species are also the subject of an ohgoirig
taxonomic controvzrsy, and only recently has an international
agreement been x'gf*.a:hed on the appropriate genus designation
(Steidinger 1950, Steidinger a}and Moestrup 1990). Although the
confusion over genus name; appears to be over, there continue o be
‘concerns about species asiignmems (Taylor 1985). For example, in a
recent revision of Alexandrium taxonomy, the closely-related toxic
species A.tamarensc (Lebour) Balech, A. gm;n_;n_a‘(Whedon et
Kofoid) Balech and A. fundyense were distinguished on the basis of
fine-scale morphological features (Balech 1985, Balech and Tangen
'1985). Other authorities, however, believe these organisms
(commonly referred to as the “tamarensis group® or “tamarensis/
catenella complex”™) represent a single species complei comprised of
numerous biochemically-distinct varieties (Taylor 1985, Cembella
and Taylor 1986, Cemtella et al. 1987).

The disagreement o;cr fine-scale taxonomic indicators inspired
2 searc:; for additional biochemical and genetic markers that would
be useful in clarifying A_lgmminnm systematics. Detailed toxin
composition and enzyme electrophoretic studies, in conjunction with
traditional, morphologically-based taxonomic analyses, have all been
applied to assess the genetic similarity of AJexandrium isolates
(Maranda et al. 1985, Cembelia and Taylor 1986, Cembella et al.
1987, Hayhome ct al. 1939). Collectively, these markers represent
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(plex charac er ‘tates 'that are dcpendcm on thc coordmated

:-,exptesszon of multxpie gencS' equxtablc compansons of such

;charactets requ:re fastxdmus culnmng, harvestmg, preparauvc and ‘
,_anal"ncal*:procednres. Despxte such efforts populanon and '
taxonomic ‘:"Boundanes vmhm and betwccn Alexandrium species havez'yr
-remamed coarse. - 'rhns a: present, geneuc markers specxfic for manyf’;:'

\ams?fof A]_an_dnm are lackmg and there is dxsagreement over :‘

e!éuve xmpomnce of morphologxcallyobascd taxonomxc cmena.

state of the' orgamsm" nor the concomitant expression of other genes,

‘and therefore has many advantagcs over morphe!oglcal and _'; q

‘ biochemxcal smdxes conductcd prekusly Surprisingly, SerNAs ;
A ,;from a clona! toxxc. eastem North American A. fundyense (stram -
2 G:CA29 formerly &mmny_m}_aa tamarensis Taylor; Hayhome et al

19{1) amphfied usmg the polymerase chain reaction (PCR; Saiki et

L al.{.; 1988) ycontarmed two; distinct sequences. In contrast, the SsrDNA
s sequence recently reported for a nontoxic, western European A. |
‘ mm_u;mg (Destombe et al. 1992) includes only a single class of
génes. Here we dcscnbe zhe charactcnzanon of the two genes in A, | . *
:fm}_dmsg_ attempts to determine if both are expressed, their |
» relanansh:p to other known. functional SstTRNAs, and the implications

.v’,of _thxs fmdmg with rcgards to the use of rDNA sequences as genetic B
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and taxonomic markers for Alexandrium species. The use of these

genes in biogeographic studies will be presented elsewhere.

MATERIALS and METHODS

A culture of Alexandrium fundyense strain GtCA29, established
from a cyst isolated from Gulf of Maine sediments ~32 Km east of

Portsmouth, New Hampshire, was rendered clonal by isolation of a
single swimming cell. This culture was maintained as asexually
reproducing or "sexually induced” in f/2 or ammonia-encystment

medium, respectively, as described by Anderson et al. (1984).

RNA_isolation. All stock soluticns for RNA isolation were
prepared with DEPC-treated (Sigma) ddH20 using bakcd glassware
and disposable, pre-sterilized glass or plasticware. Where

appropriate, solutions were filtered and autoclaved.

Approximateiy 2L of a mid-late log culture (2-5,000 cells
mL-1) was concentrated on a 20 pum Nitex mesh, backwashed with
sterile sea water into a disposable 50mL centrifuge tube and briefly
spun to pellet the cells. The supernatant was removed by aspiration.
The cells were resuspended in ~10 mL of sterile sea water,
transferred into a disposable 15 mL centrifuge tube and pelleted
again. Supernatant was removed as before, and the tube was
immediately immersed in liquid nitrogen where it was stored until

further processing.
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The frozen cell pellet was allowed to thaw at toom temperature
bneﬂy, tesuspend in 5 5 - 6. O mL of freshly preparod gaanidine
1sothxocyanate lysxs buffer (5 M guanxdme 1sothaocyanate. 25 mM
NféCit pH 7.0; 25 mM EDTA, 25 mM EGTA, 0.5% sarkosyl, 2.0%
mercaptoethanol) placed m a t:mogen bomb (Parr Instrument Co)
that was then pressunzed to ~2 GGO psi for ~5 min. and released to
- atmosphenc pressure The resultmg lysate was collected into a fresh
1SmL dzsposable centnfuge tube and extracted three times with
pllenol ch!oroform (l l phenol equ:lxbrated wath 10mM Tris pH 8.0
K :;f‘and 01% nercaptoethanol), and once w;th chloroform 'Following the
: final extraction, the aqueous phase was transferred to baked Corex
| centnfuge tubes, and the. nucleic aexds were precxpxtated by the ,
addmon of 2.5 volumes of 100% EtOH, 1120 volume of 4M NH40Ac

(pH 5 O) and chtllmg at -70 °C for >1 h Precxpltates were collected

by" cenmfugatxon at 4°C for 20 min at !0%0 pm in a Beckman ‘
model 12 21 centnfuge fitted w1th a JA-ZO rotor. The supernatants
.’ : .iﬁiv'were dxscarded the pellets were bneﬂy ‘drained and then
- resuspended in 2 - 4 mL of DEPC-treated ddH0. Total RNA was
'r‘-‘i‘:’prec:pxtated by addmg LiCIz toa final concentration of 2M (Ausubel
’ et al, 1987) and leavmg the samples on 1ce overnight. The
precxpttated RNA was collected as above. The pellets were carefully
: t'iosed with chilled 2M LiCl), resuspended in a total volume of ~2mL
| of"DEPC-treated ddeO,;and precipitated once more using LiCl2 ag
" above. Precipitates were coliected again by centrifugation, and the
'RNA pellet was resuspended in ImL of DEPC-treated ddH20. An
aliquot of this was used for quantification (absorbence at 260 nm),

~and the remainder precipitated immediately (Ausubel et al., 1987).
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Precipitated RNA sémples were stored at -70°C until needed for
sequencing. For sequencing, an aliquot of the RNA precipitate was
transferred to a micr;cemﬁ.fugc tube, collected by centrifugation,
~and, resuspended in DEPC-treated ddH20 to a final concentration of

Vi
~ling mL-1.

D’iA__e_mgg_(j_qg Approximately 50 ml. of a mid-log culture
»( / 000 -3,000 cells mL-1) was briefly centrifuged to peliet the cells.
/ The supernatant was discarded. The cell pellet was resuspended in
2.0 mL of STE (10mM NaCl, 10mM Tris HCL pH 7.5, 1mM EDTA pH
8.0) and disrupted in a French pressure cell. SDS was added to a
final concentration of 1%, and the resulting solution was extracted
twice with phenol equilibrated with STE, once with STE-saturatcd
phenol:chlorcform:isoamyl alcohol (PCI; 24:24:1) and once with
chlorofoerm:isoamyl alcohol (CI; 24:1). DNA was precipitated by the
addition of two volumes of EtOH and 1/10 volume of 3M NaOAc,
followed by incubation at -209C for > 2 h. The precipitate was
collected by centrifugation, rinsed with 80% EtOH, spun again, and
resuspended in 200 pL of LT ( 10 mM Tris HCL pH 7.5, 10 rpM NaCL,
0.5 mM EDTA pH 8.0). The concentration of the DNA was'\';letemined
by diluting an aliquot of the resuspended material and reading its

absorbence at 260 nm (Ausubel et al. 1987).

PCR_amplification of SsrDNA. Universal eukaryotic primers

containing polylinker restriction sites (Medlin et al. 1988) were used
to amplify full-length SstDNAs (Sogin 1590) with 30 cycles of a

Perkin-Elmer Cetus DNA Thermal Cycler set as follows: 2 min
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. k_,dcnaturanon at 94 32 min ramp to 37°C 2 min_primer

| 37°C 3 min ramp to 72°C and 6 mm extensxon at 72°C Thrce
'-rcphcate 100 uL amphf’ cauon rcacnons wcre conducted m parallel

v nsmg lng, 10 ng and 100 ng, rcspecnvely, of A ﬁlﬂd:z:n gﬁnormc

" DNA. PCR products were subjected to agarosc gcl clccu'ophorcsxs. f .
" “ampli ficauons usmg IOng and IOOng of genomrc DNA yrelded the
- best product Products from each rephcate amphf‘ catxon were l _

. punfied by exrractmg oncc wr:h an equal volumc of STE P: C I and

e once with C I Afterwards, they were conccntratcd by EtOH ,
"'precrprtanon and resuspended m 10 uL LT The concentranon of N

‘ SerNAs in each rephcate was determmed by dxluung an ahquot of

o :the matenal and teadmg 1ts absorbence at 260 nm

SR W Punfied concemrated products from two
g A_ PCR amptrficatrorr reay n‘o‘rrs were mtxcd, dxgcsted wrth B_am HI and
" Sal T (New England Bzolabc) and ngated mto B_am Hllg_al I-cut o

L i’rephcanve forms of M13 mp18 and M13 mp19 bactenophage

| -‘_(Messmg, 1983) as descnbed by Medlm et al. (1988) Indrvrdual

: "chones were subsequently grown and screened by agarose ge!

elcctrophoresls for the presence of a correctly sized insert; 22 mp18 |
“ {(coding strand) and 24 mpI9 (nonocodmg strand) posmvc (msert-

- comammg) clones werc rdennfied

Ww The population of PCR
products was sampled by infecting E. coli (JM109) with a mixture of
all positive mp18 or mp19 phage. Single stranded, "pooled” mpl8‘

and mpl9 templates (ie. mixiures of all mpl8 or mpl9
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recombinants, respectively) were isolated as described by Messing
(1983). For analysis of individual clones, templates were prepared

separately from four clones in mpl8 and four clones in mplS.

Sequencing of SstDNA. All sequencing reactions were carried
out using modified T7 polymerase (Pharmacia or USB sequenase V
2.0) with dATP [0355] label (Amersham) and dideoxy chain

termination (Sanger and Coulson 1975). Coding and non-coding

strands of the amplified, cloned SsTDNA products were sequenced in

their entirety using a series of primers complementary to conserved .

sites in the molecule (Elwood et al. 1985).

Sequencing of SstRNA. Primers complementary to conserved
regions at Dictyostelium discoideum nucleotide positions 1139-1125
and 906-892 (Sogin and Gunderson 1987) were end-labelled with
ATP [735S] (Amersham; Ausubel et al. 1987) and used to sequence
(Lenaers et al. 1991) a portion of the SsrRNA which encompasses

multiple nucleotide differences in the A and B genes.
RESULTS

PCR amplification of SstDNAs frorﬁ A. fnn_dy_:m_;_ (GtCA29)
yielded a product of approximately 1800 nucleotides. Individual
SstDNA clones were combined, and the resultant "pool™ was
sequenced, permitting assessmcnt of genomic heterogeneity and
potential errors introduced during early rounds of the PCR reaction

(Medlin et al. 1988). This analysis revealed both sequence

24

PSR TN

4



ambrgumes and length beterogenemes rn the cloned SerNAu;PCR

products. The length dxfferences obscurcd the ‘:pooled :clone e

sequencmg iadders, makmg n xmpossrble to resolve pomos:, of the
sequence. Therefore, 8' xndxvxdual SerNA clones “ each of the

°°6m5 a“d “°“‘°°dmg‘:‘; strands)fi_ were. .4aenced separately in order'" o

to{ charactcnze regrons of he ~zogenerty Sequences obtaxned from

dxffereaces in the cloned SerNAs.‘ Two drsunct classes of genes were_" '

xdennfied and termed ftne "AA"‘ ‘genc"(1802 base paxrs) and "B gene
(1800 base pau's) The sequences drffer by 13 transmons, 24 '

i transversxons 2 smgle base pa:r deletxons and 1 srngle base palr |
‘nsernon. 32 of these dxfferences were unambrguously 1dentrfied by
the”analysrs of mdzvrdua! SerNA clones (posrtrons:'l'l72-1300)

remammg 8 heterogenemes occurred m regrons“ that were not
1 ‘ "Iones (Frg 1) L

"_,'Thc "A gene and "B gcne cxlst as a “famxly of sequences m '

the PCR products, each wnh rts own mtrafam:ly vanauans

"-:'However, sequences wrthrn erther the:) "A gene. farmly or "B gene

: famxly are nearly xdenncal (>99% sumlar) For srmpzhcrty, the terms

A gene (or "A sequence ) and "B gene (or "B sequence") are used
"_throughout the remamder of thrs amcle as a deszgnanon of the "A
| gene famrly" "B gene famrly , respectrvely | "A gene cloncs included
molecules that differ at 6 posmons 4 transruons, 2 nansversxon);
l‘ 'gene clones” included molecu_les ‘that also differ at 6 posrtions 4

a transitions, 2 transversion). The substitutions within the A and B
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genes have not been reported in Fig. 1 since they are represented by
only a single SstDNA clene and are not corroborated by other

sequence data (cf., Scholin, 1592).

In order to determine if both genes encode stable transcripts, total

RNA was isolated frcm mid-log cultures that were grown under both

nutrient replete (asexually reproducing) and ammorium starved ("sexually

induced;” Anderson et al. 1984) conditions. RNA was alsd exfractcd from a
nutrient replete, log-phase culture at 2 h intervals over & complete
circadian cycle. Reverse transcriptase (RTase) sequencing of a portion of
the SstRNAs known to contain multiple differences between the (wo genes
revealed that transcripts of the A gene were clearly present in all samples.
In contrast, there is no evidence for the presence of B gene transcripts (Fig.
2).

Figure 2 illustrates the identification of SsrRNAs by RTase sequencing.
If wanscripts of the A and B genes were both present in ccllular RNA, a G/U
ambiguity would appear at position 574 and the single base deletion at
position 920 wou!ld cause a single base shift for some fraction of the
sequencing ladder above the position where it occurs in the autoradiograph.
By both criteria, there is no evidence for B gene transcripts; over-exposing
the autoradiograph aiso failed to reveal any trace amounts of B gene
SstfRNAs (data not shown).

further analysis of the A and B sequences was undertaken by
comparing them to 131 eukaryotic and 13 prokaryotic SsTRNAs
(Neefs et al. 1990). Of the 32 differences that were identified by
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_,sequencmg'mdxv:dua! A and B | gene ’cloncs. t!xe ma;oﬁ:y wm at e

posmons that are not vanable m fun..nonal SsrRNAs 7 occnrred at o
'umvtrsally-conserwd mes. 3 occnrred at posmons consenred among

'eukaryotes, 4 occumd at sttes ccnservad among dmoﬂagenatcs. |

'imong uveral dmoﬂagcnates (Amnm_dmmmgamu Hnlbzm. R .
Cxxmmmnimm& (Seligo) Chatten, memnmmmxm o

'_Ehrenberg), and 7 d:ffe:cnces occurred at evoluuouanly»vmable

i s:tesw D:screpancxes between thc A and B genes that vwlate

e f:'evolunonanly-conserved scqucnce posmons map excluswe!y to the B

I o dnsunct SsrRNA vgenes, named thc A gene and "B gm

: "(Fig l). have been idcnuﬁcd oy scquencmz PCR-amphﬁed SerNAs )

) }_{'_:;from a clonal culaxm of A. [nmm ’ﬂmse two sequences arc ~
. 97% identical. In tddinon, the A and B gcnes werc esnmated to be

, : prescnt in an approxxmatc! / 1:1 mio in the PCR~amphﬁed cloned

: Ss:DNAs

We xmtxaﬂy consxdered the possxbxhty that A, mw
: (GtCAZ‘?) was not a true clonc, but in fact was a mixture of two

Lewo of the mdmduan{ ne clones each contain one transition at different
positions in the molecule, and both of se substitutions dg deviate from universally-
- conserved positions. Because these substitutions are represented by single clones and not
éucgs;?nm;:;gz t; y other scqwcnce dma. we suspccx they are PCR or clonmg artifacts (cf.
in, :
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Fig. 2. Sequencing gel of SstTRNAs from total RNA extracts of
A. fundyense (GtCA29), with a cnmparison to known A and B
SsrDNA gene sequences. Numbers indicate nucleotide positions in
the A gene (Fig. 1). The complement of specific nucleotide
termination reactions are indicated above each lane. "N" represents

© no ddNTP addition. Arrows indicate differences between the A and

B genes and the identity of that position in the expressed SstRNAs.
"*" indicates a single base dJeletion within the B gene. The single-
base deletion (position 920) occurrs at an evolutionarily-variable
position. The G/T transversicn (position 974) cccurrs ata
universally-conserved position (Fig. 1). :
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disﬁnct A]_;z;mg_ng_m isolates. If this were the case, the cplture
would contain both A and B SsrDNAs transcripts. However, it
contained only A gene transcripts (Fig. 2J. Thus, it was highly
unlikely that the two, distinct SstDNAs cloned from A. fundyense
originated from a mixed culture. Two lines of reasoning then led us
o speculate that the B gene might be expressed under more
specialized circumstances. First, the apicomplexan Plasmodjum
berghei is known to carry two SsrRNA genes ‘that are differentially
expressed over the ccurse of its life cycle (Gunderson et al. 1987),
and dinoflagellate SsTRNAs do share a unique, common evolutionary
history with apicomplexans (Gajadhar et al. 1991) . We suspected
that an analogous switch in gene expression might occur in A.
fundyense as it progressed through a developmental cycle, perhaps
associated with the induction of sexuality. Second, since
dinoflagellates arc known to exhibit strong circadian rhythms in total
RNA synthesis and translational regulation of a gene involved with
luminescence (Walz et al. 1983, Morse et al. 1989), we reasoned that
differential expression of the A and B genes might occur during the
light and dark phases of growth. However, B gene transcripts do not
appear in total cellular RNA in response to sexual induction (nitrogen
starvation; Anderson et al. 1984) or over the course of a circadian
cycle (data not shown). Consequently, it appears that the B gene is

either transcriptionally-inactive and/or encodes an unstable product.

The probable nature of the B gene became apparent when it
was compared to other SSIRNA sequences. Nucleotide substitutions

in the B gene, but not the A gene, violatec many highly-conserved
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sequeuces (Fig l) 2 The B genes devzanons from evolunonanly-

conserved motxfs are especxal!y sxgmﬁcam because these sequence

elements are consxdered essennal to the bas:c core strucmre of a

functzonal nbcsome (Raue et al 1988). The fact that the B sequence |

;f:va‘nes from these hxgh!y-conserved elements and that B gene ,‘ ’

transcnpts are apparently rare or absent in RNA exu'acts leads us to

conc!ude that the B sequence is a pseudogcne. o

. Two Imee ef evxdence suggest that the A and B genes are o
| ?presen: m approxxmately equal proportions in the PCR products. ‘
" First, sequence ambiguities observed in the pooied clone sequencmg
\:"_‘_,’__Iadders always appeared with nearly eqnal band mtensmes, |
l"mdrcanng that templates. harboring alternative nucleondes are
equally abundam._ Those ambxgumes charactenzed by sequencmg
single SerNA c!ones revealed that one of twe nucleoude alternanves
| ef_kjiwas mdeed conngnous with either the A or B sequence. Second of
‘ the 8 mdxvxdual clones sequenced, 5 are A genes and 3 are B genes, |
B suggestmg that the propemons of cloned A and B sequences are ﬂ

. roughly eqmvalem

| : The B sequence cannot result from PCR ar‘tifact‘for several
 reasons. First, if errors were being introduced rendomly boih genes
would be expected to show multiple deviations from evolutionarily-
conserved positions, yet the B gene alone displays this type of
variance.3 Second, both sequences have been reproducibly aihiplified

2,3 ¢f. footnote 1
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and detected by either restriction fragment polymorphism analysis
(RFLP; Scholin and Anderson 1992) or direct sequencing of the PCR
products (data not shown). Thus, the A and B genes must be present
in the extracted DNA from A. fundyense. Furthermore, they
- consistently 'appear in a near 1:1 ratio (Scholin and Anderson 1992)

~ as predicted from sejuencing peoled and individual SstDNA clones.

If the ratio of A and B genes in PCR products reflects their
abundance in the extracted DNA, then the two genes may be present
in near equal numbers within the A. fundvense genome. This,
however, raises an interesting question: why are so many copies of
an apparent pseudogene being maintained? One possibility is that
the B gene is perpetuated simply as a result of its linkage to other,

~ functional TRNA genes. Analyzing individual A and B gene tDNA
cistrons along with their respective promoter regions would be
useful in addressing this possibility. Viral or other insertional
elements in close proximity to the B sequence should not be
discounted as players in the B gene's transcriptional inactivity

and/or maintenance (Jakubczak et al. 1992).

\ Despite the fact that we cannot fully explain the origin and
Apparent abundance ‘of the B gene within A. fupdyense, it
lnonethclcss holds promise as a biogecgraphic and taxonomic marker
’for this group of organisms. If the B jene is a pseudogene and is no
*’i';“:mgcr under seiective pressure, then it is likely to be evolving
ﬁépidly. These features should make the B gene a very sensitive

marker for identifying and dicidnguishing between groups of
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| “‘r‘substantral resource that should be used in conjuncuon with
' .'j‘sequrncmg methods that utilize either PCR amplified SerNAs or
~therr correspondmg RNA :ranscnpts /'

",E Ari: :za-Carmona ..nd C. Bibeau for their assistance in cloning and

morphologrcally-srmxlar, ' but geographrca!lydrstmct. strams or
mecres of Algmadnm Thls supyosmon rs supponed by companng
the A and B genes to the SerNA sequence recently reported for a }'

f "“‘,"-toxrc, Westem European A um_amﬁg (Destombe et al. 1992) |
j'l'hc: A ;amm_se, SerNA 1s approxxmatcly 98% rdennca! to the A ‘
mm_y_emg_ A gene and. lacks' "B hke homology In addmon, we have |
’ind‘pendenﬂy examrned PCR-amphﬁed SerNAs from the Westem
‘Eurcpean A xa_mmn_s_e usrng an RI' LP

'evrdence for presence of the B genc (Seholm and Anderson 1992)

-based assay and find no

-f-i“-‘vTherefore, both acnvely~expressed SsTRNA genes and the B gene

s appear to be rnforrnanve bxogeographrc and taxonomlc characters °f

Akzmﬂrmm spec:es

»The ﬁndmg of two small-subumt rRNA genes m A ﬁmd.uzm

nnderscores the nsk assocrated wrth usmg a smgle clone of a

t::_'multxgene famrly as m_g,_ representatrve sequence of an orgamsms "
-"genotype Mulnple cloncs must be pooled prior to' sequencing, or |
| v’rnchvrdually sequenced in order to assess the homogencxty of cloned -
| pr oducts and reduce the possrbllrty of obtammg artifactual data -
"~-"~”(Sogm 1990) In thrs regard the extensrve SstRNA data base is a

~ We thank D Ni Kulis for his help in cultunng A. fundyense, and

sequencmg of r!'ze rDNAs Thrs work was supported by grants from
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ABSTRACT

Two distinct small-subnnit ribosomal RNA genes (SstDNAs),
termed the "A gene” and "B gene,” were recently found in the toxic
dinoflagellate Alexandrium fundyense (Halim) Balech. A restriction
fragment length polymorphism (RFLP) assay was developed to
rapidly detect the A and B genetic markers. SsrDNAs from fifty eight
cultures with species designations of A. tamarense (Lebour) Balech,
A. catenella (Whedon et Kofoid) Balech, A. fundvense Balech, A.
affine (Fukuyo et Inoue) Balech, A. minutum Halim, A, mlumgu,m
Balech, and A. andersoni Balsch were screened. These cultures
represent isolates from North America. Western Europe, Thailand,
Japan, Australia, and the bailast water of several cargo ships. The
RFLP assay revealed five distinct groups among these isolates. Three
subdivide the “A. tamarenie/catsnelia/fundyancs species complex,”

. but do not correlate with morphospecies designations. The fourth

group consists of A. affine isolates. The fifth group is represented
by A. minutum, A. lusitanicum and A. andersoni.

The B gene was only found in Alexandrism tamarense. A.
gatenella and A. fundyense, but not in all members of this
closely-related group. Thus, there is no strict correlation
between the presence of the B sequence and morphospecies
designations. The B sequence is not essential for toxin
production, but those organisms harboring it are toxic. The B
gene is rot uniformly distributed amony global populations of
Alexandrium. All A tamarense, A catrnsiia and A, fundyense
isolates from MNorth America harbor this genc, but it has also
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gbeen found m some ﬁ_ mmam' frc-m scam:rcd lmauons m

© Japan, as wcil 33 lﬂ A. xamams. from the ballast water of one R

- 'f»v':,,::cargo vessel whxch was on a defined run from Japan to

g.';';‘;j;‘Austraha. The B gene may be endemxc to North Amcnc:m
» populations of A. 1amarense, A memn.a and A. ﬁm.dmsi ¥
sa, xt is possxble that in the mem past North American A.
_Mmaxm werc mzmduced to Japanese waters, }and a subset of
B thesc populatmns subsequently dispersed to Austraha. The B
. seqmnce may be usefu! for tracking ﬁns particular

| popuiations’ regional and/or global dxspersal.

‘ lwlms whxch do 5ot haxbm- the B sequcnce appear to
carry only a single class of small- subu-nt TRNA genes. ;
| f,ﬂ‘Howevcr. smce the enzymes used in the RFLP assay sample :
o tmly a small numbcr of bases in the A and B molecuhs it is
possible that other mmmm carry "B-like genes™ that have
not yet been detected. A more thorough search for thcsc
»mvlecu!es is necessary te establish the uniqueness of the B

xgeac and its apparent rmgm in Nonh America.
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INTRODUCTION

Marine dinoflagellates within the genus Alexandrium
(= Protogonyaulax Taylor; Steidinger and Moestrup 1990) include 2
number of species capable of producing pctent neurotoxins. These
toxins, typically referred to as paralytic shellfish poisons (PSP), can
accumulate in filter feeding shellfish and thereby pose a serious
health threat if consumed by humans (Prakash et al. 1971). Toxic
Alexandriuym are found in many regions of the world (Taylor 1984).
Compelling evidence from a number of investigators suggest that
these organisms have dispersed from source populations by both
natural (Anderson 1989, Hayhome et al.1939) and human-assisted
means (Anderson 1989, Hallegraeff et al. 1591, Hallegraeff and Bolch
1991, 1992). Because of the recognized dispersal and well-knowa
hazards of PSP, Alexandrinm species are receiving increased
international attention. Rapid and unequivccal identification of these
organisms has become one focal point of toxic dinoflagellate research.
Here we report on the application of molecular biological methods for
identifying strain-specific genetic markers in toxic and nontoxic
Alexandrium species, and the use of these markers for classifying
their globally-distributed populations.

At present, morphological characters are the primary means of
describing Alexandrium species (Balech 1985, Steidinger 199C). The
importance of morphological characters and their relationship to
species- and strain-level rlassifications continues to be a subject of

debate (Taylor 1990, 1985). Ap z:-mple centers on the toxigenic A.
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i'xammn&.A mm.u.a and A f.nndxmas. speczes complcx,

fvas vmenes or strams of ene specxes (Taylor 1985, Cembella et al

"-1988) chhemlcal characters snch as isozyme clcctrophorcnc A

'}1‘987) md cell surface antigens (Sako et al submitied) have been

Bl usedto discnmmatc betwecn isolates In some cases the bxochemzcal -

. | ,{lymarkers cortoborate morphotaxonomxc ¢lassifications (Sako et .al.
< 1990; Sako submmed), but in other cases they do not (Cembella and
" Taylor 1986; Cembella et nl \'087 1988; Hayhome et al 1989). As a

onii:hcanon 1s the fact that taxonomxc and bxogeographic case

.f'studxes to date have focussed pnmanly on rchonal rathek than

-:;j}glbbally-dxsmbuted populanons It thus seems posslb’a

":‘ff‘ithe coafusmn concemmg the vahdxty of specxes desx«max’ms may
o are genencally dxverg-nt %

Seqnence analysxs of genomic small-subunit (Ss) and large-

" could be used to classify populations of Amzmmmmmm;m A.
gam_ngna and A. fundyense, as well as other Alexandrium species

 (Destombe et al. 1992, Scholin and Anderson 1992, Scholin et al.
submitted). Se§ﬁences of fRNA and rDNA have been used |
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“morphotypxcaliy-sxmxlar orgamsms that some consider different " S
‘tspecies (eg Ba!ech 1985 Balech and Tangcn 1985) but others vxew :

‘pattems !Lemhella and Tayler 1986 Cembella et al. 1988 Hayhomc |
;e{ﬁ 1939 Saka et al. 1990), toxm ccmposmon proﬁ!cs (Cembeila et

,V,c‘onsequence, the relationshxp between morphotype aad bxochemxcal

or ;genetxc characters, mciudmg tox:cxty. remains obscum A further f

TR R 5 S
R »“have arxsen bccause d:ffetem populatmns of the same’ rﬂurphospccxcs )

| -:suhumt (Ls) ribosomal RNA (rRNA) genes (rfDNA) is one anethod that )




extensively to evaluate the evolutionary histories of organisms
(Clsen et al. 1986, Sogin et al. 1986, Field et al, 1988, Lenaers et al.,
1991) and have gained recogrition as species- and strain-specific
genetic markers (Gobel et al. 1987, McCutchan et al. 1988, Stahl et al.
1688, Amann et al. 1990, Distel et al. 1991). It was reasoned that
this well-established method might be useful in settling the dispute
over fine-scale Alexandrium taxonomic criteria and could help
elucidate the organisms’ global population structure. A unified
systematic scheme and classification of intraspecific genetic variation
should also provide the necessary references for testing dispersal

hypotheses.

A pre-requisite for all of these applications is acquiring,
compiling and analyzing sequences from representative Alexandrium
species collected from many locations throughout the world. As a
first step in creating such a data base, we sequenced SsrDNAs from a
clonal, toxic A. dem& isolated from eastern North America. This
analysis surprisingly revealed the existence of two distinct genes,
subsequently named the "A gene” and the "B gene” (Scholin et al.
submitted). Further study of these moclecules suggested that the B
sequence is a pseudogene (i.c., is non-functional). Because the A and
B gene sequences vary little from each other (~40 positions out of
1800), it is possible that divergence occurred relatively recently.
This raised the interesting possibility that the B gene could be
indicative of a specific population of A. fundyense. However, the
labor involved in identifying and documenting these two sequences

using cloning and sequencing protocols made the prospects of
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e exammmg a largc numbcr 'of culmres for thc same gcncs dxfﬁcult to

A resmctxon fragment Icugth polymorphxsm (RFLP) assay,
termed the "AIB gcno rcstnct:on tcst, was thcrefore dcveloped to
expedne thc scrcenmg procedure. RFLP assays are a convenient
| means of rapndly determmmg sequcnce heterogeneaty among defined
‘., 'DNA molecu!cs. Bccause of the ease of applying the technique, its
) cost effecuvcness and potcntxal for revealmg hxghly specific groups
of orgamsms these assays have becn used extensively in taxonomic
and ecologzcal s:udles, as welI as m forensxc science (eg. Curran et al.
1985, Wetton et al. 1987, Goff and Coleman 1988, Moody 1989, Levy
: et aI 1991 Rowan ard Powcrs 1991) The A/B gene rcstnctxon test
allows for rapxd detecnon of the A and B geactic markers usxng |

speclf' ic endonumeases which dxscnmmate nucleoude dxfferences

between the A and B gene sequences.' In this report we describe the S

‘ deve!opment of the RFLP assay, us application to variety of
Alexandrium spccnes collected from diverse regmns of the world and
- its utxhty for delmeanng specxfic populatlons of some of these )

- organisms. In the vfollowmg compamon paper (Scholin et al.
submitted manuscript), results of the RFLP assay are compared to
detailed sequence analysis of a portion of the LstDNA from a subset

of the cultures examined herein.
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MATERIALS and METHODS

Culturing
<

Cultures used in this study are listed in Table 1; strain and
species designations, isolation locale, and available toxicity
information are also presented. All were maintained in f/2 medium
as medified and described by Anderson et al. (1984). Cultures that :
were obtained from sources other than the Anderson lab are as |
follows: PWO0S, PW06, PI132, IP02, ACQHO1, ACGHO2 (S. Hail); Gony.#7
(A. White); Gt 429 (Provasoli-Guillard Culture Collection); Pzt 183
[North East Pacific Coast Culture collection (NEPCC 183]); PE1V, PE2V,
PAS5V and AL2V (1. Bravo); Gt Port (L. Provusoli); AM2 and AM3
(E. Erard-Le Denn); N 239 and N :‘520 [National Institute for
Eavironmental Studies (NIES-Collection, Japan)]; ND-I, OK875-1,
OF875-8, OF84423D3, WKS-1, WKS-3, WKS-8, CU-1 and CU-13
(M. Kodama); OF041, OF051, OF101 and TN9 (Y. Sako); ATIPO1,
ACPPO1, ACPP02, ACPP03, ACPP09, AMADO1, AMADOS, ATBBO1,
AABBO1/2, 172/21#2, 17272242, 172/21#4, ACJPO3, G. Crux, G. Hope
1 and G. Hope 2 (G. Hallegraeff). All strains listed in Table 1 are

currently maintained at the Woods Hole Oceanographic Institution.
Nucleic Acid Extraction

Approximately 10 - 15 mi of a mid-log culture were harvested
by gentle centrifugation, and the cell pellet resuspended in

approximately 200 pL of autoclaved Milli-Q water (Millipore Corp.) at
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room nemperamre ‘The cell slurry was transferred to 15 mL

stenle microce ntnfuge tube and adjusted to contam 1% SDS 10 mM

| "EDTA (pH 8. 0), 10 mM Tris HCI (pH 1.5) and 10 mM NaCl in a final

- volume of 250 uL Nuclexe aclds m thxs soluuon were punﬁed by
,extraetmg once w:th tns buffered phenol 2- 3 umes wnh -

| ‘phenol chloroform 1soamyl alcohol (PCI 24: 24 l) and once thh |
chloroform*xsoamyl alcohol (CI 241 Ausubel et al. 1987) Total

L nuelexc aexds were preexpxtated by the addmon of 2 volumes of ice-

cold lOO% ethanol and 1{10 volume 3 M NaOAc (pH 5 0), followed by
~ chilling at -20°C for at least 2 h. The preclpltate was collected by

'centnfuganon in a ehllled (~4°C) Sorvall mxcrofuge at ~12 000 xg for

-~ 15 mm, supematant was decanteé and the nuelexc acid peilet rmsed
, wnh 80% EtOH for at least 30 min at -20°C Aftel nnsmg, the |

| ) 'sample was spun agam, the EtOH wash removed the pellet bnefly
‘ 'au»dned and then resuspended in IO—SO uL of TE (10 mM Tns-HCl |

pH 7.5, 1 mM EDTA PH 80). The concentration of DNA was
determmed by dxlutmg an alanot and readmg its absorbence at
260nm (Ausubel et al. 1987) DNA samples were stored at ~20°C

until needed
Polymerase Chain Reaction (P‘CR)v Amplification of SstDNAs

Complete Ssvr\DNAse were amplified using the polymerase chain
reaction (PCR; Saiki et al. 1988) with universal eukaryotic primers
(Sogin 1990) using a Perkin Elmer Cetus DNA Thermal Cycler and
Perkin Elmer GeneAmp PCR Core Reagents as recommended by' the

manufacturers.  Amplifications were typically carried out as follows:
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denaturing at 929C - 1.5 min; cooling to 45-55°C - 30 sec; annealing
at 45 -550C - 1.5 min; warming to 72°C - 1.5 min; and, extension at
720C - 2.0 r;iin. This cycle was repeated 30 times with an auto

extension (5,;"scc/cyclc). PCR reactions for a given DNA preparation

“were done in duplicate or triplicate. Optimal, final concentrations of

primers were found to be 0.01 - 0.05 pM, (depending on the DNA
preparation used) using 3 mM MgCl) and 1 ng of total DNA ( when
necessary, dilutions of DNA were made in autoclaved Milli-Q water).
Following amplification, replicate reactions were pooled and purified
by extracting once with PCI and once with CI. The products were
concentrated by standard EtOH precipitation and resuspended in 10-
50 uL of TE (pH 7.3); 1 pL of this was run on an agarose gel and its
relative intensity compared to standards in order to determine an
approximate concentration (ng/uL). Amplified SstDNAs wefc stored

at -20°C until needed.
A/B Gene Restriction Test

Theoretical restriction maps of the A and B sequences (Scholin
et al.,, submitted) were generated using MacDNASIS Pro (v. 1.0;
Hitachi) DNA analysis software. The resultant cleavage sites of each
enzyme found to recognize one or both of the genes were then
compared to determine which enzymes would discriminate between

the two genes.

Bsa Al Bsrl, Hae 111, and Xba I were chosen for the RFLP
analysis of PCR-zmplified SsrDNAs. Approximateiy 50-100 ng of PCR

52

4

ot o e

. .




product was digested wuh | each of the enzymes as directed by the |

mannfactnrer (New England onlabs) m 10-25 uL rcacnons for 1-3

Theorencal Restric'tion Maps of the A and B Genes B

" Computer-assxsted restncnon sne analysxs of the A and B

sequences resulted m the 1dennficauon of over lOO enzymes that o

\7

| \yould theoretxcally cleave at one or more locanons in one or both of
_};'the genes (data not shown) After mmal compansons, exghteen
f{,candldate enzymes were 1dentxf' ed that should d:fferennally

};,._i’;vrecogmze the two sequences, along thh two enzymes that ~were

" expected to cleave the genes at xdenncal locauons [Scholm Ph.D.
'\ -.thesxs(Appendxx B)]. “From tlus hst B_s_a AI Bsrl, HE_ m and Xb_al
were chosen to test the valldxty of the computer predxcuons (Fxgs. 1
:and 2a) oo : '
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Application of the A/B Gene Restriction Test

The suite of chosen enzymes was initially tested on PCK-
amplified SstDNAs from Algaanﬁmmfgm (strain GtCA29), the
isolats in which the A and B genes were first identified (Scholin et.al, :
submitted). This yielded products as predicted by the compﬁtcr' .
model (Fig. 2a; Fig. 2b-f, lane I). However, the PCR products also
contained a relatively small proportion of molecules that were |
~3008i) greater than the expected product of 1800bp [Fig. 2b, lane I; ,
occasionally the larger“band resolves into two fragments that are ;
~200bp and ~4C0bp gréater than the A and B genes (cf. Scholin and
Anderson, 1992)]. In addition, Bsa Al digestion gave rise to two

unpredicted, minor fragments (Fig. 2a; Fig. Zc, lane I).

SstDNAs from an additional fifty seven Alexandrium cultures
with species designations of A.tamarense, A. catenella, A. fundyense,
A. affice, A. minutum, A. lusitanicum, and A. andersoni were

'screened with the same suite of enzymes used in the pilot test.

These cultures include both toxic and non-toxic isolates from North
America, Western Europe, Thailand, Japan, Australia, and the ballast
water of several cargo ships (Table 1). The A/B gene restriction test
revealed five distinct clusters among these cultures. Representative
amplification and restriction patterns for each of the groups :
shown in Figs. 2b-f. Tabl; 2 presents a summary of these
characteristics, and their relationship to morphospecies designations,

toxicity determinations and geographic origins of the culturee.
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Figure 1. Composite restriction maps of the A and B genes o
showing the relative positions of cut sites for all endonucleases
‘used in the A/B restriction test (note the scattered locationof
recognition sequences). Restriction sites common to both

- genss are indicated by "*.* Numbers refer to the nuclectide

~ distal to the cleavage and are relative to the position in the A

gene. ﬂzebonomscalemfersmthelmgthoftheh gene

(1,802 base paxrs)
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Groups 15 Subd:v:s:ons of the A, mmjm A m‘u@aﬁd
mn.dy:_ns_: Specxes Complex

_%e ciosely-rexa:ed Alexandrium mmﬁumwmmﬁ
ies complex. an assembiage which mcludes “both toxxc and non-
Jxic rcpresentauves. ~ All share the predxctcd A gcne resmctxon |
X iern, but differ m the _presence or abscnce of the Inrger SerNA

- pixﬁcauoa products and whether or not they carry the B genc

X 2a; Figs. 2b-f, Ianes xm Table 2). Group 1is typried by

ates that dxsp!ay the larg:r amp;xficanon products and both the A
ahd B genes (Fig. Za Fxgs. 2b-f, lane I). Thxs mcludes all eastcrn
North Amencan A, tamarense, and A. mnd_u_m !apanese A |
nnzmm xsolated from Okerax and Noda Bays, and A mm;_ns_;

) solatcs wh:ch do not dxsp!ay the larger ampl:ﬁcauon products, but
;[{do,bubor the A and B genes (Fig. 2a; Figs. 2b-, Tane . Group I
‘t“tvncludes al! A, tamarense. A. catenclla and A. mnd,mug_ from
v}estem Nonh Amcnca ‘and several A. mmam from Ofunato Bay,
| apan. ‘Both Groups I and I dxsp!ay minor Bsa Al dxgcsuon products
f*"vnot prcdxctcd by the computer-generated restriction maps (Fig. 2a;
 ~_. Fxg Zc, lanes I-I1). Group III exhibits a restriction pattzm for the A
. ‘}'f‘-kenef ‘al‘bne, having neither the larger amplification products, nor the
' ~.'B‘ gen'e_' patterns, nor any unpredicted patterns (Fig. 2a;‘Figs. 2b-f,
 fane II). Group III encompasses A.tamarense and A. catenclla
- isolated from Western Europe, Japan, Australia and the ballast waer

' }g-_of three cargo vessels (Tab!es 1 and 2).
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‘Groug‘w IV: A. affine

Non-toxic Alexandrium affine from Spain Tasmania and
Thailand exhibit Hae III digestion products that are not predicted on
the basis of the known A and B sequences (Fig. 2a ; Fig 2e, lane IV).
This restriction pattern was designated "Hae(1)" (Tables 1 and 2).

The Hae(l) feature is the distinguishing characteristic of Group IV.
Group V: A. minutum, A. lusitanicum, and A. andersoni

The toxic Alexandrium minutum and A. lusitanicum, and non-
toxic A. andersonj also share unique restriction patterns that vary
from those prédicted on the basis of the known A and B gene
sequences. Each display both a Bsa Al and Hae Il RFLP, designated
"Bsa(1)" and "Hae(2),” respectively (Fig. 2a; Figs. 2 ¢ and 9; lane V;
Tables 1 and 2). The Bsa(l) and Hae(2) patterns were not obsérved
in SstDNA from any other isolates. When present, the Bsa(l) and
Hae(2) RFLPs always co-occurred and were used as the basis for the

Group V assignments.
DICUSSION

Results of the present study demonstrate that the A/B
restriction test is a rapid and effective means of determining
sequence heterogenzity among PCR-amplified SstDNAs from a
variety of Alexandrium species. The RFLP patterns indicate that the
A. tamarense/catenella/fundyense complex is composed of at least
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pthree‘ geneneaﬂy dxsnnct st:ams which do ‘not smctly correspond to ,
;:f;the three morphospecles dcsxgnanons Instead, it appears these
trains are representauve of geograph:cally-:solated popnlatxons.'

The RFLP analysxs also indicates that this large species eomplex is
,-_/d‘xsunct from A. affine, A. minutum, A. lusitanicum and A. and::.mx.
regardless of geographxc origin. The A/B resmctlon test funher y v
Zuﬁdmdes the laner group of species, with A. af_f_m_e_ bemg : g i
dlsungmshable from the A. mmmm/lxmmmsnmlangmm cluster S
A's' curremly defmed the RFLP sereemng procedure thus resotves .

| populatxons) ~ As additional enzymes are incorperated in the

f-‘e’screenmg procedure, resolution of the assay should xmprove

The A/B Gene Resn-ietieri Test

Sequencmg of the A and B genes is labor intensive and ‘ |
ljif'expensxve because it requires analysis of mulnple SstDNA clones to D
7 !;‘d»ocument both molecules and their respeetxve nucleotide dxfferences. e
" The prospects of sereemng a large number of 1solates for these

‘geneuc markers using conventional sequencing techniques is

" therefore daunting,'yet the A and B sequences clearly have the
g'ylpetemialv to be specif{e for a given population of toxigenic
Al_e_z_a_ng;mm A compromise approach was to create theoretical
 restriction maps of the known A and B sequences and identify
enzymes that could distinguish between the genes,“ thereby providing
7. .4 basis for their rapid detection. When both genes are present,

- enzymes which discriminate between the two sequences should give
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rise to restriction fragments whose sum is approximately twice (or at
least greater than) the size of the PCR-amplified SstDNAs. In
contrast, an enzyme which cleaves both genes in identical locations
will produce restriction fragments whose sum is equal to that of the
PCR product (Fig. 2a). The latter result is also expected when only a

single gene is present.

As a first step in testing the validity of the théoretical
restriction maps, Bsr I and Bsa Al were chosen to differentiate
between the A and B genes, respectively, in PCR-amplified SstDNAs
from a DNA preparation known to contain both sequences
(Alexandrium fundyense GtCA29). As a further test of the computer
predictions, Hae IIT and Xba I were also included because they are
expected to cleave both genes in identical locations and their |
restriction sites fall roughly between those of Bsrl and BsaAl (Fxg 1).
The results of the pilot test proved that the A and B genes can be
reproducibly amplified from the DNA preparation in which they
were originally found, that both sequences appear to be present in
rou};hly equal amounts (as predicted from previous sequence “
analyses; Scholin et al., submitted) and, with the exception of thc‘two
minor fragments seen in the Bsa Al digestion, the chosen enzymes'
predicted restriction maps are accurate. Both genes are visually easy

to detect with tl.e enzymes and gel conditions chosen.

The success of the pilot test suggested that the RFLP assay was
a viable means for rapidly determining if a particular isolate carried

the A and B genetic markers. Therefore, the same suite of enzymes
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.,Z\cultures with a vanety of species desxgnanons and :solatxon locales
"'Results of these tests revealed five dxstmct PCR ampleicauon and
: ;3 resmcuon pattems among the A]m_ng_:mm cultures. Several of the

' v',,groups dxsnnguxshmg features are based upon fortunous

Grou;)s III: Strains ’Ao}f
A mm:m -

Three dxstmct groups wnhm the Mﬂm;ﬂmmj
! ‘i"_:f"thelt SerNA charactensncs (Fig. 2a; Figs. ._b f, lanes I—IH Table 2

Groupsl m) (Al A tamarense, A.Q}.s:mllaandA ﬁmﬂlﬂm -
: exammed share :he predxcted A ger. restriction pattem The o

- f:mmary subdxvxsxon among t!ns jarge group stems from those
_ 1solates which carry the B gene (Groupa I and II) and those that do
o ;;not (Group m)

"Cultures harboring the -B gene are further distinguishable on
kthe”‘ba-sis of whether their SstDNA PCR producis include molecules
‘I‘arger’ than those expected (Group I) and those whose PCR products
appear homogeneous (Group II; Tables 1 and 2). | Initially, presence
or absence of the larger products was considered to be an artifact of
the PCR process. Repeated attempts to optimize the amplification

reactions failed to eliminate the apparently spurious molecules, but
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"fobservanons never predxcted dunng the concepuon of the restncnon f

g_aj_e_n_el_a/ﬁ_dxem complex can now be reco"mzed on the basxs of
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otherwise resuited m highly specific amplifications (Fig. 2b).
Preliminary analysis of the larger products strongly suggests they
are Alexandrium SsrDNAs that contain a repeated portion of the
small-sﬁbuni; gene in the 3' half of the sequence (Appendix B). The
distinction between Groups I and II is further supported by |
sequence analysis of a fragment of these isolates’ LstDNAs (Chapt. 3,

Appendix C).

A peculiar characteristic of the B sequence found in both
Groups 1 and II is that it appeared to comprise approximately half of
the PCR-amplified product. There was little-to-no variation in these
proportions. If the ratio of the PCR products reflects the relative
abundances of the genes in the extracted DNAs, then it is possible
that half of the ribosomal transcription units in these organisms
contain a B sequence. The mechanism responsible for maintaining
such a high/copy number of an apparent pseudogene remains a
mystery. Another consistent characteristic of PCR-amplified B genes
is the unpredicted (but minor) BsaAl digestion products. The minor
bands appear to originate from molecules which contain only one of
the two predicted B sequence BsaAl sites. Partial digestion of the B
gene is one explanation for the appearance of these minor products,
but increasing enzyme consentration and time of digestion does not
eliminate them (data not shown). Consequently, the minor bands
likely originate from chimeric molecules - SstDNAs which include a §'
portion of the A gene and 3' portion of the B gene, or 5' portion of the
B gene and 3" portion of the A gene. It is possible these chimeras are

generated during the PCR reaction by template strand switching
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1991), or '_represem a rmnorclass of Ser‘NA that e:v;is;fs_' _
The B Genes' " Reiaﬁonship- :to “Morph‘ospeeiesﬁwDesigﬁnaﬁons and Toxxcxty )
. There 1s vno stnct relanonshxp between SerNA RFLP group and o
Avtamarensoxd catenellold or fundyensoxd morphotypes. Both posmve
.and" negauve correlatxons between morphospec:es desxgnanons and o
5RFLP pattems are possxbie (Tabie 2). For example, OF041
P (Ammw and OF101 (A c.ax_en_e!.!.a) both from Japaﬂ- o L
y are members of Groups II and 111, respectively. Distinctions based 3
- on: morphotype and genotyp.." for these two 1solates are in

;_agreement.' However, WKS 1 (A mma:e_n_s_e_) and TN9 (A. ;_a_mng]la)
whxch are also from Japan, are both members of Group . In thlS

case there 1s no correlanon between morphotype and genotype

4 ﬂOthtr example of bozh posmve and negatwe correlauons between ‘

morphospecxes des:gnauons and RFLP pattems can be found among ‘
‘the’ ballast water xsolates 11724#1 ACJP03 and G. Hope 1: 11724#1
e (A'Lammss) and ACJPO3 A. mﬂm belong to Groups I and m o ]
| respectively; however, II’724#1 (A. tamarense) and G. Hope 1 (A. -“ i
"',”»‘tam_arerm.) are also members of Groups I and III, respectively. o -

I Thus, different populations of the various morphospecies can appearz :

geneucally srmxlar or dxvergent' the observed relationships in any

“ given companson depend,_on ‘the geographic origin of the cultures, as |
;well as the perticular strains chosen for analysis-(see Table 2). This
~'may explain why the eorrelation between morphology and o

- biochemical characteristics for different regional populations of

6‘5‘ .’
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A.tamarense, A. catenella and A. fundyvense have not been consistent
(Cembella and Taylor 1986; Cembella et al. 1987, 1988; Hayhome et

al 1989, Sako et al 1990). The latter con’élusion has been examined
in greater detail and is further substantiated by combining the RFLP
assay with detailed sequence analysis of a portion of the LstDNA
(Chapt. 3).

A possible explanation for the disparity between SstDNA RFLP
patterns and Alexandrium tamarerse/catenella/fundyense
morphospecies designations could be the fact that different
taxonomists classified the cultures. This is unlikely since examples of
positive and negative correlations between morphotype and RFLP
patterns can be found within groups of cultures examined by the
same taxonomist. In the examples cited above, the Japanese isolates
were classified by Fukuyo, and the ballast water isolates were
classified by Hallegraeff. The same same is found for isolates
examined by Balech (Tables 1 and 2). Therefore, agreements or
disagreements between morphology and SsrDNA RFLP group are not

a function of the taxonomist.

Another important conclusion from the A/B gene restriction
tests is that not all toxigenic Alexandrium camry the B sequence. This
holds true both within the closcly-related A. tamarense/catenella/
fundyense group, as well as the more distantly-related A. gffine, A.
Jusiianicum, and A. minutum_(Tables 1 and 2). Though the B gene is

not essential for toxin production, thus far all of those organisms
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| f;’whrh rharbor n are toxxc (Table 2\

'.inxerpretatxon of tbxs pattcrn awa:ts further study

ooy

Australxan. westem l:uropeau and the wz,akly toxxc isolate from

. ongmafed from specxﬁc blooms in Iapan (Table 1; Hallegraeff and

" }.‘_’“}Bo!ch 1992) remforoe our concl:rs on that Japanese populanons of A.

ballastcd in nashxma, Japan, carned 2 Group m A,. ;a;gngu;

Rxgorous assessmcm and

The B gene and minor amphﬁcanon products are not found_:'

, among all rsolates of A]Mum“m A andA
iundygnss (Tablo 2) eas'ern Nort'r Amcncan 1solutes belong to

e Group I Westem North Amencan 1solates belong to Group II; azrd

B ‘Tha:land arc wnhm Group III In contrast 1solatss from Japan were

* found "‘m"“g all_l% Tee groups. Ballast water rsolates beheved to have'v‘:ij_f'

e 'mm and A_ wgnsll.a are gencucal!y dxverse. one shxp ba!lastcd )

in Mm'oran, Iapan, contamcd Group I A, mm_amgg while a sccond

It 1s noteworthy that the SerNA RFLP pauems among

Al;nn_dnmramanm A. samﬂla and A. fundyense from e#stcm

\and westcm ‘North Amenra are so strongiy correlated with therr

zsolatmn locales (Table 2) It 13 possrble that Group Iand I

. charactcnsucs reflect gcnetrc markers mdrcauvc of eastern and

) western North Amencan regronal popu!auons, rcspcctxvely Equally

noteworthy is the fact that A. tamarense ‘and A. g,ajggﬁh_cultures
from Japan dxsplay such a variety of SstDNA srgnatures One

explanauon would be that mulnplc strams of these specxcs have
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been introduced to Japan from genetically distinct sou:"ce populations
in other regions of the world. If this is the case, then some |
contcmpor:iry Japanese Alexandrinm may be the descendants of
North American populations. In this context, it is of note that PSP
first became a problem in Japan in the late 1940's (Anraku, 1984).

The occurrence of Group 1 Alexandrium tamarsnse in the

ballast watcr-.;ftorr:‘ Muroran, Japan, is also of particular intcrest. This
- ship was on a defined run between Japan and Australia and

apparently has never been to North America (Hallegraeff, pers.
comm.), yet it contained A.tamarense that are "identical” to those in
eastern North America (see also Scholin et al., submitted manuscript).
Therefore, some North American strains of A.lamarense may have
not only been introduced to Japan, but possibly have been N
transported from Japan to Ausiralia. A more detailed discussicn of B  ," 
the B gene's relationship to toxic North American Alexandrium | I
populations and its usefulness for tracing particular strains'

movements throughout the globe is presented in Chapter 4.

The Alexandrium affine and the A. minutum/lusitanicum/andersoni
Groups

Isolates of Alexandrium affine, A. minutum, A. lositanicum and
A. andersoni were included in the A/B restriction tests because they
are considered to be taxonomically distinct from the A.tamarense/

catenella/fundyense complex.  Given the significant morphological
differences between the two complexes (Balech 1985, Balech and
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e vTangen 1985)* n is uot surpﬁsmg thax theu- SerNA seqzxeaces wou!d
: bc dlffemnt as w XI Tize. umqne H_m !II and Bja AI restriction :

patterns idcnnﬁcd are 2 reﬂwuon of tiazs dxvergence and
fonmmus!y madc it posmbie to subdi ide A. m& mipptom, A

, | m;;nnium and A_ m_dmgm mto tv'v d:ztxnct clusters, with A. m'
. being hepame from thc other a\.dcies (Figure 2, Table 2). There is no

‘ evxdence for mu!uple sma!!-subum: rRNA gencs mthm A. 3£ﬁnLA

mmnmn.& Lummsnmand&anmgm since the sum of the
restncuon producxs for each md:v:dual d:gest rough!y equals that of

the PCR pmducts. - S

Ser\iAs fmm Akmdnnmmm& hmxmuxn. and A,
andersoni all showed the Hae(2) and Bsa(l) RFLPs, parterms that
B constitute the Gmup V desxgnanon. Spccies within in Group V have
been szparated on the basxs of ﬁne-scalc morphoiog:cal variations
(Balech 1985). but :t xs been mggestcd that thrse may simply b»
| vmants of xhe same species (Hailegraeff pers. comm.). The
restnctxou enzymcs employed in thc A/B restriction tests support
Hallegraeff's contention. A. mxm&, lusitanicum, and A.
am}_us,am sbare common msmctson patterns, and thus are more
closely related to each ‘other than to A. affine or ‘members of the A.
'memm complex. However, more detailed
sequence analysis of large subunit rDNA is able to resolve possible
linkages within the = A, minrtum/lusitanicur/andersoni cluster, and
indicates that A. andersoni is distincly different from A, minutum/
- Insitanicum (C'hapt 3)
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The distinction between these organisms in Groups I - III with

those in Groups IV and V is consistent with current taxonomic
designations. That is, results of the RFLP assay aércc tlit the
Alexandrinm tamarense/catenella/fundyense group as a whole is
distinct from A. affine, A. minutum, A. lusitanicym and A. anderseni.
The further delineation between A. affine (Group IV} and A.
minutum, A. lusitanicum and A. andersoni (Group V) also agrees with

current morphotaxonomic designations.
Conclusions

These results clearly demonstrate that SsrDNAs are sufficiently
variable to separate closely-related Alexandrium species or
populations. The A/B gene restriction test is a technically simple
way to reveal these genetic differences. It should be possible to
move beyond the work presented here to devise highly specific tests
for defined groups of Alexandrium species and strains of single
species by increasing the number of enzymes or by obtaining
compleie SsrDNA sequences. The growing RFLP pattern and
sequence data bases could thus serve as genetic criteria for
characterizing isolates and pradicting their potential toxicity or
geographic origins. In addition, the elucidation of genetically-distinct
populations of A. tamarense. A. catenclia and A. fundyense begins to
shed light on the long standing controversy over correlations
between morphological and biochemical characteristics.  Further
definition of strain-specific markers should make retrospective

analyses of these debates possible,
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A limitation of the AIB gene restriction test as currently

| defined is that it samplcs only three of the forty known nucleotide
g ‘dxfferences bctwecn the two sequences. If the B genc is no longcr
under selective pressure it may be undergceiig rapld evolution; |
conscquently, further resolution ef sexually-isolated populauons that
} carry this sequence ("B‘ gene sub-groups”) is possible. It is _also
‘possible that isolates within Groups HI-V carry _}j?B-like' gencs" (i.e.,
other SstRNA pseuddgeneS) were not detected \:y the RFLP assay.
Estabhshmg the exxstence of "B gene sub-grouns” and "B like
sequences” are 1mportant areas of future research that must be
‘taken into account prior to makmg rigorous conclusions based on the

umqueness of the B gcne. Thxs can be approached by increasing

- the number ot‘ endonucleases used in the RFLP analysxs, or by

‘seqncncmg SstI)NAs from addmonal isolates.
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ABSTRACT L

A fragment of the large-subunit ribosomal RNA gene (LstDNA)
from the marine dinoflagellates Alexapdrium tamarense (Lebour)
Balech, A. gatenella (Whedon et Kofoid) Balech, A. fundvense Balech,
A. affine (Fukuyo et Inoue) Balech, A. minutum Halim, A. lusitapicum
Balech and A. andersoni Balech have been cloned and sequenced in
order to assess the organisms’ inter- and intraspecific relationships.
Cultures represent isolates from North America, Western Europe,
Thailand, Japan, Australia and the ballast water of several cargo
vessels, and include both toxic and non-toxic strains. Parsimony
analyses revealed eight majcr classes of sequences, or "ribotypes,”
indicative of both species- and strain-specific genetic markers. Five
ribotypes subdivide members of the "A. tamarense/catenelia/
fundvenss species complex,” but do not correlate with moiphospecics
designations; morphological features are less specific indicators é'f
these organisms’ relationships than are LstDNA sequences. However,
strains of A. tamarense/catenella/fundvense can be indicative of
particular regional populations: representatives collected from the
same geographic region appear the most similar, regardless of
morphotype, whereas those from geographically-separated
populations are more divergent even when the same morphospecies
are compared. Contrary to this general pattern, A.tamarense and A.
catenella from Japan were found to be exceptionally heterogeneous,
displaying sequences nearly identical to those of Australian, North
American and Western European isolates. This diversity, at least in

part, may stem from an introduction of A.tamarense to Japan from
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and A_ m_ﬂLanmm are mdxstmgmshablc, but dlf ex from both A

'erNA sequence analysis are in complete agreement thh

,ivpolymorphxsm (RFLP) assay of small-subumt rRNA genes (SerNAs), ;

us LerNA sequenccs are. finer-scale spccaes and populatlon

'md:cators. N i

_e!ectrophorenc and chemtaxonomzc charactensucs have resnltcd in

arc eqv.uvalent to thosc defined by bxochemxcal charactensncs, and in

»f ‘f;*i'!‘f‘othct cases they are not. Sequence analysxs of rDNA offers an
li;:jyi';,j\:expiananon for these confusmg results. A..,mmam_s_g!ﬂmﬂ!.al
g mw_s_e_ exist as a series of genetically-distinct populanons, not
| ‘rtbiv‘ﬁ;f;”three genencally-dlstmct morphospecxes. A possible explanauon for
" this is that A. 1amarense/catenella/fundvense cvolved from a
vkcommon ancestor that mcluded or Fay rise - 1o, muluple .

morphotypes. : S ».,4’

P
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mdg_s_gm and A aﬁm An :solatcs abxhty to produce toxm, cr lack
»er'eof 1s consxstent thhm LsxDNA termmal taxa. Rcsults of the ,}

~'fconclns:ons from a prcvxous study using a resmcnon fragment length

gmﬂ]ymw morphospecxes thh groups defined by 1sozyme

onfhctmg conclusxonS' m somc cascs groups defmed by morphotype
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INTRODUCTICN i

A ceniral concern in many on-going studies of the taxonomy,
biogeography, population dynamics and toxigenesis of marine
/A dinoflagellates within the Alexandrivm (=Protogonvaulax Taylor;
Steidenger and Moestrup 1990) genus is the underlying genetic
variability of this diverse group. This is especially true for the A.
' xpm, A.catenella and A. fundvense "species complex”, a group
of closely-related organisms found in many coastal regions of the
world (Taylor 1984, Balech 1985). Researchers have long agreed
that the conserved morphological features of these species belie a
largely unexplored, genetic diversity., However, disagrccr;xcnt
remains as to how this diversity correlates with morphospecies
designations, and whether the morphotypes actually represent "true
species” or a continuum of closely-rclated strains (Taylor 1985,
Cembella et al. 1987}-1 Hayhome et al. 1989, Sako submiited, Sako et
al. 1990).

This debate is not only concerns thc semantivs of taxcnomy,
but also thie means of classifying and distiﬁguishing between
different regional populations. Both debates must be settled if the
global population structure of Alexandrium species is to be fully
appreciated and hypotheses concerning their suspeétcd dispersal
critically addressed (Anderson 1989, Hallegraeif et. al 1991,
Hallegraefl i Bolch 1991 and 1992, Scholin and Anderson 1992).
In an effort to identify geaciic martors anplicable to these needs,

sequences of genomic small-subunit (Ss) and large-subunit (Ls)




specxés and populanons, wm parncu!ar cmphasxs on thc A.
nmmwwmsﬂymm group, have ‘been"‘comparei

;Z.whxch delmeate A_Lc,x_a_g_dnm specxes. and populatmns (strams) of |
| f;{mdlvxdual specxes (Chapt 2). Here, those observanons are extended
."‘_‘i{usmg dctmlcd sequence analysxs of the 5' pomon of the LerNAs

= f ’om a subset of those culturrs exarained thh the EFLP techmque,

The partxcular rchon of LerNA chosen e‘lcompasses the' so-called

"Dl“ and "DZ" hypervanable domams, somc of
f;{and Bachellenc 1987, Lenaers et al. 1989, unam'ez al. 1991)

MATEk:At;‘sv and ME'mons |

R Cultures used in this study (Table l) rcpresem'. a van‘ty of ;
Al;_xg_n_dugm morphospccxes, and soms of their giaballydlsmbuted__,
| populatxons. All were maintained in /2 medxum as modified and

iyl

culture were isolated, quantified and stored as described (Chapt. 2.

A 'és“i"ﬁ“ f‘agmﬂt Iength polyﬂioipﬁism (kr-u) analysis of
SstDNAs. ffbm Alexandrium tamarense, A. caten guz;& fundyense, A
aiﬁMAmmym A. lumms.wm and A. an.dﬂmm tSOIated t‘rom T

many regzons of thc world revealcd dxstmctxve genznc charactenstzcs

evolvmg pornons of cukaryouc 1DNA (Mxtchot et ‘aI‘ 1984 Mm:hot |

| 'descnbvcd} by Anderson et al. (1984). Total nnclc_:; agxds from cach.
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Polymerase Cham Reactien (PCR) Amglifications

Approximately 700 base pairs of the LsrDNAs v)ere PCR-
amplified (Saiki er al, 1988) using primers targeted towards
conseﬁ:ed elements at positicns 24-45 ["DIR" (forward);
5'ACCCGCTGAATTTAAGCATAZ3'] and 733-714 ["D2C" (rcvcrsc) "y
SCCTTGGTCCGTGTTTCAAGAS], relative to the Proroseatrum micans
LstRNA (Lenaers et al. 1989). This fragment cncompasses the
evolutionarily variabie domains D1 and D2 (Mitchot et al. 1984,
Lenaers et al. 1989). Amplifications were carried out in“dupligate or
‘triplicatc as previously described (Chapt. 2), except ’that» :thc final |
concentration of each primer was 0.1 uM and primcf' aiﬁcalingm’wzi.s
at 45 0C. Following amplification, replicate reactions from a g:vcn
culture were pooled, purified, concentrated and stored as noted
(Chapt. 2). '

. k'. L
t

Cloning of LsrDNA

LstDNA fragments were cloned using Iavitrogen's T/A cloning
kit (cf. Holton et al. 1991, Marchuck et al. 1991) according to the
recommendations of the manufacturer. Generally, 16 bacterial clones
potentially containing plasmids with a LsrDNA insert (i.e., white
colonies) were screened for each dinoflagellate examined, In
addition, a bucterial clone known to contain a plasmid without an
insert (i.e., blue colony) was also processed. Each bacterial clone was
inoculated into 2 mL of L Broth (Ausubel et al,, 1987) containing 50

pg/mL kanamycin and was grown overnight at 37 °C with vigorous

84




i v.’.:_;.kremcvmg an ahquot for rcstncnon dlgesnon (see below), the

,']'iyfip!asmxds were stored at -20 °C R

\»"~shakmg Plasmxd prcparanons for each clone were carncd out wuh

1.5 mL of the overmght culture usmg the modified Bimboim
procedure as descnbed by Ausbel et al. (1987) ‘The remaining 0.5

o mL of culture was kepz at 4 oC durmg the plasmid isolation and

- ‘scxeemng procedure Inmal plasmzd precxpuazes were minsed in 1

¢l : mL of xce-cold 20% Etuﬁ for at Ieast 30 min at -20 oC and spun at

:{'12 OOOxg for 10 min m a cold (~4 °C) Sorvall rmcrofuge

'Supcmatants were removed by vacuum asplranon and the pell

" dried for 5-10 min. Fol!owmg this, the plasmxds were resuspcnded

- in 50 uL TE (7.5) + D\Iase-free RNase A {1 mL TE + 10 pL 10 mg/mL

B "»,‘RNase A (supphed and preparcd as dlrccted by Slgma)] After

'{-,vf,"v‘~_S§le‘ctiéa of LerNAClohcs "

One uL of each resuspeuded plasmxd was dxgested with HindIII
“';;(Ncw England onlabs) in a fina! volume of 10 uL‘: Products of the
digestions were resolved on 07% agarose gels nsmg 1XTBE buffcr
(Ausubel et al. 1987). Hmdm cleaves once within the cloning vector
"and had no sites within any of the LstDNA fragments examined,
Cloncs containing a smglc LstDNA insert were identified by
comparing their mobility to size standards and the negative comiroi
(i.c., blue clone) plasmid. Positive piasmid clones were stored
separaiciy at -20 ©C. The remaining portion of corresponding
’bact’eriai cultures were cryo-;ireservgd by addition of an equal

‘volume of freeze down buffer [1% (w/v) yeast extract, 10% (v/v)
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dimethylsulfoxide, 10% (v/v) glycerol, 0.2M K3HPO4/NzH2PO4

(pH 7.0)] and storage at -80 ©C.
Sequencing of LstDNA Ciones

Several precautions were taken in order to minimize
sequencing errors: 1) two to three replicate PCR ami:lificaﬁons were
pooled prior to cloning; 2) multipie LstDNA clones from each
Alexandrium isolate! were pooled prior to sequencing to gauge the
homogeneity of the products and identify the locations of ambiguities
or length heterogeneities; and, 3) both strands of the cloned

molecules were sequenced to aid the accuracy of the determinations

(Sogin 1990). In some cases wherc heterogeneities and ambiguities

were observed, individual clones from a given isolate were

individually sequenced.

Template denaturation. Aliquots of each positive LssDNA cione

for a given dinoflageilate sirain were pocled to yield a final volume
of 120 pL in a 1.5 mL microcentrifuge tube. The plasmid pool was
denatured with the addition of 120 pL of 0.6 N NaCOH, gente mixing
and incubation at room temp for 5§ min. Denatured templates were
aeutralized and precipitated by adding 9 uL of 2 M NH40Ac (pH=4.5)
and 900 uL of 100% ethano! (EtOH). This solution was vcrtexed,
immediately divided among four separate 0.5 mL tubes (~290
pL/tube) and chilled at -20 ©C for at least 2 hrs. Each tube contains

1 throughout this tzxt, the tern "clone” refers to a recombinant plasmxd whereas “isolate”
refers o0 a specific laboratory culture of Alzxandrium
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o :;'»_‘vj_;f‘}_approx:mately 30 uL (~Iug) of dcnamrcd plasm:d an amﬂunt -

o ff':empmcally found to give excellent seqncncmg results. thn

' ,_v"fanaiyzmg smg?e clones, 10-30 p.L of an mdxvxdual p}asmzd

s Zpreparanon was used per sequencmo reaction, deﬂaturanon and

, : precxpnanon were carried out m a sxng!e 0.5 mL tube and vclumes

B , of NaOH, NH40Ac and EtOH were adjusted accordmefj 'Denatured

: *-’»fi;,:%’plasmxd prccxpuazes were collectcd by cenmfuganon in a chilled
| €4 °C) Sorvall mxcrofuge at 12000 xg for 10-15 mm Supernatant

. ‘iwas dxscarded and the peﬂet nnsed in 70% EtOH for at least 30 min.

‘:_at -20 oC. On the day plasmlds were to be sequenced the precxpuate

*'ﬁwas once again collected by cenmfuganon as much supernatant was

S f;bf;‘»funu} needed

| ‘f?'emoved as_possible, and pellets were allowcd to air dry, but not ‘°

{fﬁf_compleuon The tubes were then nghtly capped and stored at 4 °C

All sequencmg reacnons wem carned out usmg Umted States

Biochemical (USB) Cm-p Sequﬂnase version 2.0 sequencing kit

reagems and Amersham dATP [o355] label (10 RCi/uL). The

' sequencmg strategy is shown in Figure 1. Both strands of the
 LssDNA inserts were sequéncéd using the amphﬁcanon primers [DIR
(forward} and D2C (revet&i_:)], an& two imemal primers, "DIC"
(reverse; S'ACT:! C’I‘CTITTCAAAGTCCTI‘ 3, corresponds to
mmmmmmm LstRNA positions 388-369; ) and "D2Ra"
(forward; STGAAAAGGACTTTGAAAAGAS3'; corresponds to P. micans
LsrRNA positions 365-386; Lenaers et al. 1989). D2Ra replaced an
earlier primer ["D2R" (forward; SCAAGTACCATGAGGGAAAGG3';
corresponds to P. micans LstRNA positions 345-364)] that was used
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in pilot ~>quencing efforts; all sequences primed with D2R were

repeated with D2Ra. "Forward" reactions give products whose

sequence is TRNA-like, while "reverse” reactions give products whose

. sequence is the complement of the rRNA.

DIR D2Ra
. e L SIDNA > incert
— -( B e (" b ST e AN e MO B0 - ST MOV WAl F VAN ARSI LS Fe el r 1 e -4 — o— —
(vector) . S— G (vector)
DIC D2C

Figure 1. Sequencing strategy for LstDNA clones. Thin and dashed line
represents plasmid sequences; thick line represents the inserted LstDNA
fragment. Relative location of sequencing primers are shown; arrows
indicate direction of sequence polymerizaton (Ls insert is dzpicted 5'-3').

Primer Hybridization and Preparation of Labelling Mix. The
denatured, precipitated plasmid clones were resuspended with 8 pl
prifner (0.5 pmol/uL in 10 mM TrisHC! pH=7.5) and 2 pL reaction
buffer (USB), mixed, and incubated for ~10 min at 37 ©C., During
primer annealing, ic(cs.-co!d labeiling mix for 3 sequencing reactions
was prepared by gombining: 2.1 pL ddH20, 3.0 uL 100 mM DTT
(USB), 6.0 uL !ab(%iiing mix (USE; diluted 1:4 with ddH20), 3.0 uL
dATP [a358]) (10 uCi/uLl), 1.0 uL Sequenase v 2.0 (USB) and 0.5 uL
pyrophosphatasc {(USB); Sequenase and pyrophosphatase were added

immediately prior to the completion of the hybridiiation reactions.
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’Séquencing Gel Eigctrophoresis

5 ;,.L of labellmg mlx was

;added to the 10 uL hybndxzaszon reactmn, mzxed by gentle pzpﬁmno |
"'and’mcubawd for 1 mm. at room temp Afterwards, 3 5 uL of tms
‘,',solunon wae added to 2. 5 uL of cach ddNTP (USB), and ailowsd to
_fﬂ:?‘fmcubate at 37 oC for 10 mm. Sequencmg reactions were termmazed
= by th addmon of 4 uL stop mix (USB) Typically, 3 scqsxercmg
rcactxons were carried out m qmck succession ‘with overlaps in their
'?,;termmanon reacnons. \ Reacnons were stored no lcnger than several

: -f*.days at -20 oC before polyacry armde gel electrophorcsxs |

Products of the scqhencmg reactions were resolved on 6%

fpolyarrylamxde (191 acrylamzde bxs-acrylamde), 83 M Urea, Ix TBE
.(;‘%"jyge!s using a BioRad Sequxgencell apparatuc In order to 1mpmvc -
. resolation of the bands, the top buffer chamber was filled with 0.5
“TBE and the bottom chambet filled with ix TBE. Gels were pre-

| .v:,;:}:'elcctrophos'esed wuh a constant power semng nnni reachmg ~50 ©C.
9 Dunng the pre-c}ectorphoresxs, sequencmg reactions we fc thawed on
- ,»:ce, hsatcd o 80 ¢C for 3 min. and zmmcd ate! ly returned to ice.
Approx:mate!y 2.5 pL of each r-actacn was loaded per lane and run
until the bromophenol biae dve had mxgmcd roughly 1/3 the length

of the gel.  Electropk oresis was then bnefly terminated while 200 mL

(172 volume) of 3 M NaOAc (pH 50) was added to the bottom buffer
chvam.aer. Elcc:rophoresxs was resumed and the constant power

setting adjusted 25 rcqmrcd to maintain a surface plate wemperature

| of ~50-55 ©C. Electrophoresis was terminated when the xylene
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cyanbl dye front had migrated to within 10-12 cm from the bottom
of the gel. Gels were fixed in 10% methanol/10% glacial acetic acid
fof 30 min, dried onto Whatman 3MM paper at 80 OC for 45 min
using a Sorvall sequencing gel dryer with applied vacuum, and then
exposed to either XAR-5 or XRP-5 X-ray film (XKcdak). Exposures
ranging from overnight to 2 days were found to be optimal. A

typical run yielded approximately 300-350 readable nucleotides.

<

Sequence Analysis

Sequence determinations for a given dinoflagellate culture
were compiled using the editor function of PAUP 3.0 (Swofford
1951). Sequences from eacﬁ isolate were then aligned with the help
of conserved elements interspersed throughout the leagth of the
molecules (Fig. 2). The alignment was subjected to a variéty of
phylogenetic analyses using heuristic methods (PAUP 3.0; Swofford
1991). The phylcgenetic tree shown in Fig. 3 was constructed using
the following parameters: all characters weighted equally; sequence
gap=missing data; stepwise addition; closest addition sequence: 1 wee
held at each step during stepwise addition; tree-bisection-
reconnection (TBR) branch-swapping performed; MULPARS option in
effect; steepest descent option not in effect; maxtrees=200; branches
having maximum length zero collapsed to yield polytomies;
topological constraints not enforced; trees unrooted; multi-state taxa
interpreted as uncertainty; ouigroup taxa defined as AMADOL,
AMADOS6, GtPort and TC02; and, ACCTRAN character state

optimization. Bootstrap analysis (Feisenstein 1985; 500 rounds) of

50




ﬁthe ahgnment was also camed out wath same parameters as a?wve, o B

exccpt that maxtrees 15 par rephcate bootstrap (Flg 4) B

,mpxiu\.atmﬂ, Cloning, Sequencing and Alignment of LstDNA
Fragments T

8 ,,}‘,;?:‘Agatose g ! clec:mghcreszs of the PCR amphﬁed’ pcrtven of the
| “LerNAs typxcany rcveaied homouenecus products appmxxm tely
700 bp in lcngzh Dxrect clonmg of these molecules yzexded an
.J;g;;v_':avcragc of 10 posmve 'LstDNA clones (rangc 4-14) for each R
A_{mm isolate examined (Tab!e . LerNAs clcned from L
d:fferem A}_g_un_q!_ngm asolates vary shg}:ﬂy in lcngth (Table . In =

some cases, the LarDNAs from a smale 1so!ate also ccnmm\d !zngth |

Y N AR R

I sterogenemes and sequence amblgumes (Fxg 2 f Appendax C) ‘
The most dramatic example of !emgth heterogcncmcs wcre fmmd in
o oooall cuhures of A mmz;m and A. mmg_mg_ from easzem North

. :’.‘.i"‘Amenca, two Japanyse A :gm_amngg from Ofunato Bay (8?041 and
~ OF0S1) and two ballast water A. tamarense (17212142, 17272184

§ ";',vTable I). LstDNA clones from these orgamsms display an idemcal

g  two base pair length heterogeneity (TG deletion) at posiaiens 590-

o 591'V(Fig.r 2). All isolates that harbor }zhis",yi:etero‘g;cneity contain at

; ".“'least two, distinct copies of the LsrRNA geﬁc: thoséwwhic‘a'ca:ry the
 590-591 TG deletion, and those that do not (Appendix C).
Almmngmmm& from Ncwfoundiand (AFNFA3 and AFNFA4)
;both contain another heterogeneity over posi itions 106-110 in

RN
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addition to thé 590-591 TG deletion. The LstDNAs cloned from
AFNFA3 havé been denoted "AFNFA3.1" {idemiéal to the reference
Sequence (PW06) at I/positions 106-110 and 590-561] and
"AFNFA3.2" (vary from the reference sequence at pesitions 106-110
and 590-591; Fig. 2). The LstDNAs cloned from AFNFA4 contain the
same two variants, but are reported hece as the AFNFA23.2-like

sequence.

Sequences from thirty three Alexandrium strains were used in
the phyiogenetic analyses {(Table 1), The proposed alignment is |
shown in Fig. 2. Since both variants of AFNFA3 were included '};?
(AFNFA3.1 and AFN}‘ASZ), a total of thirty four sequences were |
compared. Six eastern North American A. tamarense/fundvense and
one ballast water A.tamarense (172/21#2) were excluded because
the 590-591 deletion obscured sequencing ladders over the 3' half of
their LsrDNA clones. Nevertheless, partial sequences from these |
cultures made it clear that they are very similar to other eastem
North American A.tamarense/fundvense and the ballast water A.
tamarense (172/21#4) whose sequences are fully resolved.

Sequences for the latter group were obtained by sequencing
individual LsrDNA clones, cr, in some cases, because the L3srtDNA
clones from an isolate were "clonally-biased” towards one of the two
variants (Appendix C). Those organisms containing the 590-591
length heterogeneity that were incorporated into the final alignment
are shown with the TG deletion (Fig. 2, denoted by "#+") in order to
identify them as cultures which share a common characier, Two

Australian A. catenella (ACPPO3 and ACPPO9) were excluded from

92
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CPPO2 Appéndxx C)

Figore 2, (pages 94-100) Pmmseé i *'ruNA sequenca a!.g,nmum for ‘f"
noted Alexandrium strains {see Table 1 for species ées:gnancas and
-solation locales). Alignment position 1 corresponds to P. micans
~LstDNA position 45 (Lenaers ¢t al. 1989). PW06 (A. fAan:nse,
. Alaska) is used as the reference sequence; all equivalent positions are
[indicated by a period. Dashes represent inserted alignment gaps.
- Those organisms containing the 590-591 TG length heterogeneity are
-shown with the deletion, as denoted by "**;" these cultures also =
“contain LstDNAs that do not have this dexenon. Twe sequences for
AFNFA3 (A. ﬁmdlem, Newfound!and) are shown: AFNFA3.1is
irmilar to PW06 at positions 106-110 and does not have the 590-551 -
TG deleticn; AFNFA3,2 differs from PW06 at positions 106-110
“and does harbor the 590-591 TG deletion. AFN FA4 (A fundvense,
Newfoundland) contains the same two sequences, but is shown here
'as the AFNFA3,2-like variant. Approximate boundaries of the D}
_and D2 hypervariable domair:s are noted. Sequeng~ ambiguities are
‘reported using standard ITUPAC nommclanm (‘R K or G Y-C or -
:T M_C orA K Gor T, W-‘ A orT)
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- y.éhy{oge‘neti@ Aaalyses of the ‘\A‘ligned LS:DNAS;

Enght dxsnnct classes of sequcnces, or nbotypes were found

among the thmy threc A,mmImm cultures compared (Fig. 3). The '

o tree teﬂol gy and sxgmf’ cance of brancbmg patterns were examined

»

in several ways Fn'st, PAUP omputs of "enscmble statistical indices”

;"(chfford 1991) were cnnsxdered to gauge the “fit" of the sequence |
f{".;’idata and the tree wpology ‘l’hc tree shown in Fig. 3 has relatively

" :*hxg'a valnes of cmsxstcncy mdxces, suggesting a hawh degree of v
‘congrucnce bexween thc resolutxon of Alexandrium groups and their
->,vscqucncc charactcnsncs (Swofford 1991 Wiley et al. 1991).
:Secondly, consensus. trees were constructed to evaluate the
Algmﬂnm groupmgs common among "rival® (sc equally
parszmomous) trccs found in thc search (cf. Swofford 1990, Wnley et
'\5“:31 1991) ln all cascs (stnct, Adams and ma;omy-rule) the

'consensus trees revealed the same associations between cultures as

are new' ": g 3 mdu.atmg that all of the rival trees resolved thc

élgxgndnnm sequences in a szmxiar fashion (data not shown).

: Thxrdly, the tree building program was also run using "simple,”
random and "as is" addmon sequences (Swoffom 1590), and all
resulted m trees Sd ai to that shown in Fig. 3. Fmaliy, boostrap
rar_\alysxs was performed as a statisﬁcal test Ibt' branching patterns
(Felsenstein 1985) Rcsulis of this test (Fig. 4) also si:pport the
existence of at icast exght Alexandrium ribetypes as proposed in
Fig. 3. o o ;_:
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A. tamarenselcatenella/fundyense species cbpm  _:
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Definition of Alaxandrinm Ribotypes

AT,

Five of the ribotypes serve to subdivids members of the
Alexandrium tamarense/catenslla/fundyenss species complex. The
35 three remaining ribotypes were associated with cultures that clearly
5 differ morphologically from the A. tamarense/catenella/fundvense
f« roup; these three distinct sequences are typified by: 1) A. affine; 2)

T e

A. minutum and A. luzitapicum; and, 3) A. andarsoni. LstDNAs from
A. minntum and A. lusitanicum are identical. o

R

The five distinct Alexandrium tamarense/catenella/fundyense

ribotypes were named with reference to the geographic origin of the

isolates: "North American,” "Western European™ and “Temperate
Asian" designations reflect the origins of the majority of cultures
within each cluster; "Tasmanian™ and "Tropical Asian" designations
reflect the origins of single A. tamarepse cultures. A_lumm
species designations were used to 'identify the three remaining
ribotypes: "affine” and "minutum” were chosen for two of these;
"andersoni” was chosen to delineate the final ribotype, reflecting

” both its unique LstDNA sequence and the isolate's taxonemic

classification (see Table 2).
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© Table 2. Comparison of S'DNA RFLP groups and LEDNA ribotypes of Alexundrium
Lo -+ isolawes. Touicity daia, species designations and isclation Iocales of the axamined suing ,

: hg!aﬁbﬁ Local'

. Restriction Group" Ribstye®  Stain Toxic?® Designation

i

A, mirsdum

A, minutn

A. lussanicin
- A andersoni

o hﬁax}waﬁu(&%mk;m)f
 PortBeuny, Alisks ‘

S

Oxdesrz, MA

Porpuse Ish, Alzaka

Ruagian River, CA

" Ofunsto Buy, Fpnn
. Ofunatwo Bay, Jepan ,

© Plymouth, UK.

Galicia, Spesn
Galicia, Spein
Tanabe Bay, Japan

Ofansio Bay, Japay
Tarabe Bay,

EEEE
. Tanse Bay,
hﬂmmm(ﬂim}qm)f

Port Po’lip Bay, Aostralia

Port Phillip Bay, Australia
“ballus

W‘, N8

7 hlhﬁwa(mhm;o.s. Korea) f

ballast waier (Sumschongo, §. Korea )
Bell Bay, Tasmania

. Gulf of Thatiand

Bail Bay, Tesmania
Galici, Spain

of Thailend
Port River, S, Asstralia

Pors River, S. Ausmalia
Poctugal

Exstham, Ma

#) RFLP groups are based on resulty of the SzDNA

b) subdivisions kesed on rmuits of LeDNA

<) peelirdnary “subri

A3 gene reatriction tests (Chapt. 2)
sequerce apaiysis {se Figs. 3 and 4)
" designetions based on fie-scale wquence varistions (Appeadix €)

4) datermined by nwouse M:MWMM“F‘nywnuhmmmo{nm(b.xa&mm.)

e} preliminary species designations
pont

B med origing (Hallegs«efT and Bolch, 19972)
ﬂmg of vesse! -
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* DISCUSSION

Sequence analysis of the LstDNA frazmeats from
geographically-diverse representatives of the Alexaudriam
tamarense/catenelia/fundyense species complex revealed the
existence of at least five genetically-distinct sirains (Figs. 3 and 4,
Tabie 2). These strains ("ribotypes™) do not strictly eorrespond to
morphospecies designations, indicating that the morphological
features of A. tamarense, A. g,a_;;n_q_u_;; and A. fandvense are less
specific indicators of the organisms' relationships than are their
LstDNA sequences. Particular regional populations of A.tamarense,
A.catenella and A. fundyense appear to have distinct sequence
characteristics, but some of these regions are under-sampled and
currently represented by only a few or single isolates. Given the

isolates examined thus far, A.tamarense, A. catenella or A.

- fundvense collected from the same geograrhic region appear the

most similar regardless of morphospecies designations, whereas
those from geographically-isolated populations are more divergent
even when the same morphospecies are compared. Alexandriym
tamarense and A. catenella from Japan are a notable exception to this
general trend, possibly because some AL tamarense are the
descendants of introduced specics (see below). LstDNA sequences
from A. affine, A. minutum, A. lysitanicum and A. andersoni show
that these organisms are distinct from the A. tamarensefcatenelia/
fundyense complex. Furthermere, A. affine is clearly separable from
the A. minutum/lusitanicum/anderseni sroup. Likewise, A.
andersoni differs from A. minutum/ivsitanicum, but A. minutum
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~ and A_ Iy_s_x_,am_c_g_m are mdistmgmshable (Flos 3 and 4, Table 2)
Ale.zm_cimmm__umm, A hum;mnm and A. ag.de_r_sg.n_ may be
f’?members of yet another Alexandrium specles complex ’l'heee tesults

~ both corroborate and extend previous observations based on RFLP |
- analyses of SstDNAs (Chapt 2). Thus, Ss and LerNA sequences are
useful species- and strain-specific (or populatwn SpClelC) genenc |
"markers. As such these sequences prov:de new m51ghts to on-gomg |
~ taxonomic debates. Moreover, the definition of geneucally-d:stmct
“populations of Alexandriym provides a reference from which
Jdispersal hypotheses can be _tested;”' | These and other issues are

- discussed in detail below. N

Compansons of Ale;gngngm SerNA RFLP Patterns and LerNA

~ Sequences

Relationships among the Al_g_g_n_d_mm cultures used ,ii\ t.his
investigation have also been assessed by an RFLP analysis of their

SstDNAs (Chapt. 2). The resmcuon tests were cpecxﬁcal]y desxgned

- to rapxdly screen cultures for the presence of two dxstmct SsrtDNAs,

the "A gene” and "B gene,” found in a North American A. fundyense
(GtCA29; Chapt. 1). The enzymes used in that’study detect only a
few differences between the A and B sequences, but nonetheless
appearsd to be useful in typing a variety of Alexandrium species.
SstDNA RFLP patterns revealed three subdivisions ("Groups I-III")
within the A.tamarense/catenella/fundyense species complex.
These groups encompass at least five LstDNA ribotypes reported

here: North American, Western European, Temperate Asian, .

109




Tasmanian and Tropical Asian (Table 2).2 Alexandrium minutum, A.
lusitanicum and A. andersoni were indistinguishable on the basis of
SstDNA restriction analysis ("Group V"), but Ls sequences clearly
indicate that A.andersoni is distinct from the A. miautum/
lusitanicum cluster. Thus, ribotypes ascribed by the LstDNA
sequences are in complete agreement with, and offer a finer-scale
resolution of, groups defined by the SstDNA RFLP analyses.

"

Alexandrium LsrDNA Ribotypes and Their Relation to Toxicity

Toxic Alexandrium cluster at several different termini on the

phylogenetic tree (Fig. 3). The North American, Temperate Asian and
"minutum” groups thus far consist exclusively of ioxic isolates. In
contrast, the Western Furopean group encompasses only non-toxic
orcanisms. Terminal taxa classified as Australian, Tropical Asian and
"andersoni” are also non-toxic. Preliminarily, this suggests that an
organism's ability to produce toxin is correlated with its LsTDNA
phylogenetic lineage; that is, its evolutionary history (Fig. 3 and
Table 2). As the data base of sequences from toxic and montoxic
Alexandrium species grows, it will be possible to rigorously address
this potential correlation. While certain ribotypes may be
represented exclusively by toxic or non-toxic Alexandriym strains,
there is no clear lineage of toxicity on the phylogenetic tree (Fig. 3).

The clusters of non-toxic isolates among those that are exclusively

2 "subribotypes" within the North American and Temperate Asian clusters have also been
proposed on the basis of finc-scale, reproducible LsrDNA characteristics, but should be
considered preliminary designations (Appendix C)
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toxic may in fact reflect "evolutionary mutants” that have "lost" their

ability to produce toxin.
- The Alexandrium tamarense/catenella/fundyense Complex

‘ ‘There is no strict correlation between Wmm
A.catenella and A. fundyense morphospecxes designations and the
nbotypes of their globally distributed representanves The various
morphospecies can appear gcnencally-sxm:lar or genencally-dxstmct
depending upon the particular strains (populations) compared (Figs.
3 and 4 ‘Table 2).3 For example, 172/24#1 (A. tamarense; Japan) is |
genencally-dxsnnct from ACPPOI (A. m;mm_a Austraha) However,» /
the former 1solate (A_ mm_a;g_n_sg_ Japan) is also gcnenca}ly-dwergcnt
~ from G. Hope 1 (A.tamarense; South Korea). Farthcrmore the latter
isolate (A.tamarense; South Korea) is g